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1CHAPTER 1 : INTRODUCTION
8 7 8 7The ß-decay of Rb to Sr provides a viable isotopic 
dating method for many geological materials. Manipulation 
of the decay equation yields the most useful isochron equation 
(Nicolaysen, 1961),
(87Sr/86Sr) . (87sr/86sr). + (eA -1)87Rb /86SrP
where p and i refer to isotopic ratios at the present and at
the time of generation of the system, t is the time over
which the system has evolved and X is the decay constant for 
87 R b . For cogenetic samples the relationship between 
( Sr/ Sr) and Rb/ Sr is linear with a gradient e^^- 1
ir
(whence t), the intercept (87Sr/86S r ) . being a constant.
This plot enables estimation of age and initial ratio.
Analyses and measurement of isotopic ratios are achieved by 
mass spectrometry. The conditions to be met to obtain 
linearity are discussed in Appendix II, but are typified by 
the closed system of a well-mixed igneous melt which solid­
ifies rapidly in a low temperature environment and remains 
chemically undisturbed to the present day. All total rock 
and mineral samples have the same initial isotopic ratio and 
the same time of generation, thus giving concordant ages.
This ideal situation, the rapid closure model, is often 
closely approached in nature. Its application to plutonic 
rocks, where the isochron assumptions may not be valid, is 
the subject of this thesis.
The strength of the Rb-Sr method lies in its high 
resistance to isotopic disturbance and in the geochemical 
information given by the initial ratio. The initial Sr 
isotopic composition is common to, and characteristic of,
2a cogenetic suite of samples. In general terms, it reflects 
the Rb/Sr ratio to which the suite has been exposed and is 
thus a useful isotopic tracer. Resistance to updating 
derives from the chemistry of the elements involved. Both 
occur chemically bound in silicate phases where quite high 
energies are required to initiate open system behaviour.
This possibility is further reduced by the use of total rock 
samples, isotopic systems of large volume usually with lower 
susceptibility to outside influences.
Early studies sometimes encountered discordant mineral 
ages (calculated with assumed initial ratios) within single 
specimens, a problem later solved by Compston and Jeffery 
(1959) using the concept of isotopic homogenisation. Post­
consolidation, the phases exchange Sr and acquire the isotopic 
composition of the unaffected total rock system. This 
homogenisation is attributed to recrystallisation or solid 
state diffusion induced by metamorphism and allows dating of 
metamorphic events. The effect can be described graphically 
by means of the isochron plot. At some time t^ after the
original genesis of the isotopic system (t ) in a rapido
closure process, the total rocks and minerals of a granite
are arrayed along an isochron as in figure 1.1. If the
mineral phases within a single total rock exchange Sr while
maintaining differences in Rb/Sr ratio, they will attain a 
8 7 8 6Sr/ Sr ratio equal to that of the total rock. An internal 
zero isochron is so defined and has a higher initial ratio 
than that at t . This isochron can develop from and register 
the time of homogenisation. The concept is nicely verified 
by Lanphere et a l . (1964) who demonstrate the isotopic
rB Homogenisation t,
Total Rock Isochron
Mineral Isochron
C Further Growth
FIG 1.1 Isotopic Homogenisation in Minerals
3homogenisation of apatite, feldspars and biotite during 
middle amphibolite grade metamorphism.
The original model does not include the participation of 
total rock systems in isotopic exchange - these maintain the 
original age (t ). Larger scale movement of Sr has been 
detected by Lanphere e t a 1 . (1964 ) and Wasserburg et al .
(1964) in which basic dykes gain radiogenic Sr from acid 
gneiss country rock during metamorphism. Pidgeon (1967) 
infers isotopic homogenisation within rock units on a very 
large scale to explain Rb-Sr isochron ages for granulites. 
From small beginnings the concept now embraces regional Sr 
movement in the work of Arriens and Lambert (1969) , again in 
granulite facies rocks and justified by a single, regional 
isochron and claimed large scale movement of several elements 
Heier and Compston (1969) discuss several possible mechanisms
The homogenisation hypothesis is used in two ways to 
identify metamorphism, firstly by exchange between minerals 
in a single rock specimen and secondly between rocks on very 
large scales. The first case has justification as homogen­
isation is clearly demonstrated as an event postdating the 
original genesis of the rock. The second however, is more 
difficult to support, as apparent metamorphic equilibration 
is difficult to distinguish from that of an undisturbed pre- 
metamorphic age. It must be stressed that present interpret 
ation of total rock isochrons for metamorphic rocks involves 
the assumption of equivalence of age and time of metamorphism 
The difficulty of updating total rock systems is shown by 
the survival of pre-metamorphic ages in amphibolite facies
terrains (e.g. Wetherill e t a l . , 1968) .
4At the low end of the metamorphic scale, homogenisation 
is frequent in supracrustal rocks. Volcanism results in 
uniformity of large volumes of strata. Sedimentary mixing 
processes cause attainment of common initial ratios. Fine 
grained detrital rocks may achieve this in at least two ways 
as shown for shales by Bofinger e t a l . (1968, 1970) . Both
depositional mixing of detrital components and diagenetic 
equilibration are possible. In the latter case transport 
of Sr in aqueous solution may be an important factor. It 
is possible that these systems are preserved in metamorphic 
rocks.
In some granulites total rock ages scatter widely (e.g. 
Heier and Compston, 1969) , a feature often attributed to 
incomplete homogenisation of inherited isotopic differences. 
This has not been proved and alternatives range from scatter 
derived from depositional vagaries, variable times of system 
closure during post-metamorphic cooling and erratic retro­
gressive metamorphism. In contrast, highly precise and 
uniform ages over wide areas imply a sharp termination of 
the metamorphic period (Arriens and Lambert, 1969) . Such 
an event, which might be registered in the tectonic history, 
has not been conclusively established. Granulites are ideal 
subjects as the end products of ultrametamorphism and thus 
most likely to display metamorphic effects. Influenced by 
provenance, diagenetic and metamorphic phenomena, and perhaps 
retrogressive metamorphism, they are antitheses of rapid 
closure systems.
The study aims at several specific aspects of the
isotopic problem:
5(i) The degree of Sr isotopic homogenisation during 
metamorphism.
(ii) The scale of element migration of not only Sr,
but also R b , U and T h , in view of their possible 
depletion during granulite facies metamorphism 
(Lambert and Heier, 1968) .
(iii) The Sr initial ratios developed in granulites
because of their use as geological tracers and the 
claim of low values in granulites (Heier, 1964) .
(iv) The relation of ages to cooling history cum uplift 
models in the vein of Armstrong (1966) .
Over-riding these are general aims:
(i) To relate isotopic age to metamorphic processes 
and consequently to examine and test the above 
hypotheses. Thus to further elucidate metamorphic 
phe n o m e n a .
(ii) To place this in the context of other geological 
phenomena manifested in the area, believing that 
all form part of one geological canvas of mutual 
interaction. Particular attention to be paid to 
thermal events.
(iii) And at least to present a w e 11-documented account.
The overall strategy is divisible into field and labor­
atory aspects. Briefly, the former involves the study of a 
small area in detail, extending it on a regional scale by 
transversing. Microscopic to regional processes can be 
examined - petrography to field relations. The experimental 
techniques of the latter are dictated by the above aims.
6(i) Petrological - microscopic examination of rock 
specimens and the interpretation of mineral 
as semblage s .
(ii) Isotopic - mass spectrometric measurement of the 
isotopic composition and concentration of Sr and 
Pb .
(iii) Geochemical - analysis of major and trace elements 
of interest.
To this end a region of well-exposed granulite facies 
rocks with minimal retrogressive metamorphism and relatively 
simple geology was sought. It was decided to work in the 
Tomkinson Ranges of central Australia which fulfilled most 
requirements. The disadvantages were poorly known geology, 
necessitating work to correct this, and geographic remoteness. 
Logistical problems derived from the latter, account for some 
sections of the work not being prosecuted fully.
The thesis begins with a review of local geology. The 
granulites are selected for detailed examination with coverage 
of their petrology. Sr isotopic studies of total rock systems 
are detailed and discussed along with Pb isotopic work which 
developed from them. Mineral ages and their implications 
complete the picture. Two digressions enter as chapters on 
acid volcanics and plutonic basic igneous rocks, which are 
reunited with the granulites in a discussion of regional 
geology and a synthesis of the main aspects of the work.
7CHAPTER T W O : GEOLOGY OF THE TOMKINSON RANGES
2.1 Introduction
The Tomkinson Ranges of central Australia, which 
straddle the state boundary intersection of South Australia, 
Western Australia and the Northern Territory, form part of 
the Precambrian core of the continent. The area of interest, 
shown in plate II, has dimensions of 80 x 200 kilometres 
and is entirely within the two states.
An arid climate is reflected in the geomorphology, the 
ranges rising as inselbergs and ridges to 450 metres above 
surrounding talus which grades down drainage into sand plains 
and stabilised dune fields. The ranges, deceptively regular 
in profile, are long east-west ridges which give to the 
horizon in these directions a saw-toothed appearance in 
contrast to the usual flatness cut by an occasional small 
camel-hump hill. They are dominated by black-cragged, 
castellated basic rocks which overshadow the comparatively 
pallid, orange-tinted granulites. Boulder-strewn slopes
change abruptly to red earth plains clothed with stunted 
grasses and scattered mulga. Stream lines are marked by 
the white trunks and green foliage of eucalypts. The 
channels are rarely used however, as run-off seldom travels 
more than a few kilometres before being swallowed in sand.
This whole is lapped by stabilised dune fields or stone- 
covered plain, which in the south run 550 kilometres to the 
sea.
Remoteness and difficulty of terrain have restricted 
geological investigation, the first exploration of the area
8being by Gosse and Giles in 1873. Apart from the efforts 
of occasional geological parties in the interim, the first 
major work was that of the Southwestern Mining Company (1954- 
1957), later followed by the South Australian and Western 
Australian Geological Surveys and the University of Adelaide.
2.2 Regional Geology
Along with the comparable Mann, Musgrave and Everard 
Ranges, the area is part of the Musgrave Block of Hossfeld 
(1954) , an east-west trending igneous and metamorphic complex 
exposed over 120,000 square kilometres (see plate I ) . Its 
present day margins are defined by younger sediments* of the 
Officer (south and w e s t ) , Amadeus (north) and Great Artesian 
(east) Basins. Unconformity between the uppermost Pre- 
cambrian sediments of the Officer and Amadeus Basins and the 
crystalline rocks, places most major events in the latter 
within the Precambrian. This is also suggested by radio- 
metric dating of rocks from within the block (Wilson et a l ., 
1960) .
Recent literature on the area includes the review of 
Sprigg and Wilson (1959) , the works of A .F . Wilson (see 
references in Wilson, 1960, 1969) and the 'Handbook of South
Australian Geology' (Parkin, 1969). Geological maps 
published by the Geological Surveys of South Australia and 
Western Australia and the Bureau of Mineral Resources, Geology 
and Geophysics are referred to in the text.
Since the Tomkinson Ranges can be considered as a 
geological microcosm of the Musgrave Block, the following
9detailed discussion of local geology also provides an 
insight into the regional whole.
2.3 Geology of the Tomkinson Ranges
Geologically the area has a tripartite subdivision into -
(a) High grade metamorphic rocks
(b) Basic igneous intrusives
(c) Cover rocks - volcanics and sediments.
Plate II shows the distribution of these units.
2.3.1 High Grade Metamorphic Rocks
The metamorphic rocks can be separated into three 
groups differing in both geology and areas of outcrop - see 
plate II
(a) The Mount Aloysius and Ewarara-Teizi Regions 
Although there is a break in outcrop between the two 
regions, the granulites (see definition in chapter three) 
exposed have very similar geology and petrology. Lithol­
ogical layering is well developed on meso- and macroscopic 
scales, resulting in readily mapped units. Rock compositions 
range from acidic to basic with the former predominant.
Mineral assemblages for the compositions found are (see 
Appendix III for abbreviations): 
acidic - qtz+kf+pl±opx±ga 
intermediate - pl+opx±qtz±kf 
basic - pl+opx+cpx±horn 
pelitic - qtz+kf+ga+sill
Retrogressive metamorphism is virtually absent. Tectonic
10
strike as defined by the trend of layering and fold axes is 
latitudinal. Two periods of deformation can be identified 
by structural overprinting relationships. M t . Aloysius 
has been mapped in detail and the geology is briefly 
described in section 4.2.1. It can be used as a type area 
in conjunction with the petrology as described in chapter 
t h r e e .
(b) The Wingellina Region
The Wingellina exposures comprise interlayered acidic 
and basic gneisses whose relationships are perplexing. 
Compositional bands are sharply defined and internally quite 
uniform; the acidic types are massive with a saccharoidal 
texture and contain very little mafic material (and are 
thus quite distinct in hand specimen from any other rocks in 
the ranges); the basic types are fine-grained and massive. 
The area is structurally simple with near vertical layering 
and little deviation from east-west strike. Daniels (1967) 
regards it as a contaminated zone of a basic intrusive.
Smith (1970) proposes an origin as sediments with contained 
basic igneous sills all later metamorphosed in the granulite 
facies. The rocks are certainly recrysta11ised and are 
consequently considered as metamorphics, though their genesis 
has remained a continuing puzzle.
(c) The Michael Hills Region
The Hinckley Fault (Nesbitt e t a 1 . , 1970 ; Thomson,
1964), a complex mylonite zone, demarks the northern boundary 
of the Michael Hills Region. This area is an heterogeneous 
association of granulite and amphibolite facies metamorphic 
rocks exposed as slabs of country rock between large basic
11
intrusions. Compositiona1ly uniform acid gneisses pr e d o m ­
inate. The absence of layering results in little evidence 
of internal structure, which must however be complicated as 
an included basic intrusion is complexly folded. Nesbitt 
e t a 1 . (1970) recognise two d e formational episodes comparable
in fold style to those at Mt. Aloysius. Metamorphic grade, 
granulite facies in the north, decreases to the south as 
hydrous retrogressive metamorphism becomes more significant. 
The granulite facies mineral assemblage, qtz+kf+pl+opx, 
changes by degrees to the qtz+kf+pl+horn+biot of the amphib­
olite facies. Outcrop is delimited by the Bell Rock Range 
although there is a possible outlier of granite gneiss at 
Macdougall Bluff.
2.3.2 Basic Igneous Intrusives
Basic magmatism in the Tomkinson Ranges was initiated 
by a large scale invasion of the granulites which produced 
the layered intrusions of the Giles Complex. Activity 
tapered off after this major event with intermittent dyke 
and plug phases.
(a) The Giles Complex
Sprigg and Wilson (1959) named the large basic intrusive 
masses the Giles Complex, adding its description as "dis­
membered steeply dipping layered sequences of a once 
continuous basic and u l traba s i c (?) lopolith". More recent 
work by Nesbitt and Talbot (1966) , Daniels (1967) and 
Nesbitt e t a l .  (1970) , has shown that most bodies are
individual intrusions rather than parts of a single mass.
12
Occurrences are found throughout the Musgrave Block, but the 
best display is in the Tomkinson Ranges - details are given 
in Nesbitt e t a l . (1970) and briefly in chapter 12. The
bodies were derived from a feldspathic, tholeiitic magma, 
pulses of which invaded the granulite terrain, formed sheet­
like magma chambers and differentiated on cooling.
The rock types present are variations on a plagioclase- 
pyroxene-olivine mineralogy (plagioclase generally predomin­
ating) , as produced by gravitational crystal settling i.e. 
anorthosite, troctolite, feldspathic ga b b r o , gabbro and 
pyroxenite. Igneous layering is shown on all scales, from 
the graded mesoscopic type with a continual change from 
pyroxenite to anorthosite, to monominera1ic bands from .01 
to 20 metres thick. Sedimentary structures, ripplemarks, 
cross-bedding and cut and fill, accompany the layering. 
Cryptic variation is well developed and the trend of mineral 
composition can be used to demonstrate facing. Since the 
overall composition of the intrusions as now exposed is 
variable, Nesbitt and Talbot (1966) infer that the magma 
pulses were of differing composition. Two contrasting 
bodies can be considered typical. The Blackstone Range 
mass is mainly troctolite with bands of olivine gabbro, 
norite or magnetite as are its neighbours, the Jameson, 
Cavenagh and Bell Rock Intrusions. Kalka is more mafic with 
a basal orthopyroxenite overlain by norite, olivine gabbro 
and anorthosite. The subdivision and genesis of the complex 
are discussed further in chapter 12. Basic rocks in the 
Wingellina area are considered by Daniels (1967) to be con­
taminated Giles Complex material. Now metamorphosed, they
13
are included in the above section (2.3.1) on the metamorphic 
terrain.
It is assumed that igneous layering was originally 
horizontal and that present day steep dips are due to post­
crystallisation disturbance. Deformational features vary 
from minor de formationa1 twinning of plagioclase, to a 
foliation paralleling the layering, and recrystallisation of 
igneous textures to granoblastic aggregates. Geological 
mapping (Thomson, 1964) shows that the South Mt. Davies 
Intrusion, while crosscutting folds in the granulites, is 
itself internally folded. Two folding episodes (F and F^) 
are also recognised in nearby metamorphics (Nesbitt et a 1 . , 
1970) and it is presumed that the complex was emplaced in 
the inter-regnum. Both F^ and east-west mylonite zones 
have disrupted the intrusions and two structural regimes can 
be recognised. The F^ folding phase predominates in the 
first which is between Teizi and Ewarara, and south of the 
Hinckley Fault between M t . Davies and the Bell Rock Range 
(see plate I I ) . The South M t . Davies and Michael Hills 
Intrusions show internal F folding. However the Michael
Hills (in p a r t ) , M t . West and Bell Rock Intrusions form a 
uniformly west-dipping suite, suggestive of an original 
crustal layering in which the bodies became shallower to the 
west. It appears that F^ decreases in intensity in the 
Michael Hills and is itself cross-folded by the deformation 
responsible for the orientation of the west-dipping suite 
(F - see section 10.4.2). In the second structural regime, 
the interaction of F^ folding and faulting on the mylonite 
zones has produced the latitudinal distribution of igneous
14
bodies in the central zone between Gosse Pile and the 
Blackstone Range.
Mineralogical relationships are used by Nesbitt e t al . 
(1970) to postulate variable depths of emplacement for the 
intrusions. Reactions between olivine and plagioclase 
indicate higher pressures of crystallisation north of the 
Hinckley Fault. This is consistent with prominent vertical 
movement in the mylonites exposing high pressure rocks on 
the upthrow (northern) side. It also acts as supporting 
evidence for a crustal layering defined by sheet-like 
intrusions emplaced at different depths. Metamorphic 
characteristics become more pronounced in the higher pressure 
areas, but are limited to the de formational features described 
above, reaction coronae about olivines, and the appearance 
of garnet in some horizons of the Teizi Intrusion. The 
major granulite facies metamorphism clearly predated the 
intrusion of the complex.
(b) Minor Phases
Several dyke and plug phases younger than the Giles 
Complex have had a complicated history from which much 
geological information can be extracted. The nomenclature 
used is taken from Nesbitt et a l . (1970) .
(1) Type A Dykes
Dolerites of regional significance cut the area along 
a NW-SE strike over lengths of at least 60 kilometres.
Their mineral assemblage of c1inopyroxene and plagioclase 
and rare interstitial quartz is remarkably uniform. The 
degree of deformation varies from faint recrysta11isation to
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a prominent foliation parallel to the vertical dyke walls. 
However igneous origin is still apparent at the latter stage 
in the simple-twinned, but deformed plagioclase laths. In 
two foliated rocks garnet occurs as reaction rims to opaques 
and clinopyroxene in contact with plagioclase; post­
emplacement granulite facies conditions are indicated. The 
timing of the dykes is a matter of dispute. Nesbitt e t a 1 . 
(1970) state that they predate the deformation and postdate
the Giles Complex. However the dykes maintain a constant 
vertical orientation regardless of the complexity of folding 
in the Giles Complex intrusions that they cut. They also 
transgress macroscopic structures in the granulites at
M t . Aloysius. They may well be post-F^.
(2) Type B Dyke s
Representatives of this suite of dykes have been noted 
in most areas. Width rarely exceeds three metres and
strike (generally NW-SE) and dip are variable. Basaltic 
compositions with a pl+opx+cpx mineralogy are dominant. 
Metamorphism is displayed by recrystallisation and in some 
cases development of garnet. Where re crystal1isation is 
complete a granoblastic texture results, but relic orthopy­
roxene phenocrysts or plagioclase laths are often found. 
Pyroxenitic variants occur and may contain garnet. The 
dykes postdate the major intrusions and the F^ folding phase. 
They certainly predate the plugs (see below and Gray, 1967) 
and probably the type A dykes which show lesser recrystall­
isation .
(3) Types C and D Dykes
The olivine dolerites of these suites are the youngest
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igneous rocks in the area (Nesbitt e t a1 . , 1970) . They
have not been met with in this study.
(4) Olivine-bearing Plugs
Olivine-bearing basic igneous rocks cut both the 
granulites and all basic intrusives except types C and D 
dykes in the area between Wingellina and Teizi. Although 
the lithology varies from troctolite to olivine gabbro to 
picrite and dunite, mineralogical features of high pressure 
origin indicate a close relationship. Most bodies are 
circular vertical plugs with diameters between 100 and 250 
metres. They probably postdate the last major tectonic 
activity as a vertical form is retained and igneous textures 
are undisturbed.
The inter-relations of these igneous rock units are 
made clearer by reference to table 14-1.
2.3.3 Cover Rocks
(a) The Tollu Volcanics
An enclave of high level igneous rocks occurs south of 
the arcuate, uppermost Giles Complex body (Bell Rock - 
Blackstone Intrusions), as acidic and basic lavas and 
intrusives (see plate II).
An acid association is found at Tollu and Skirmish Hill. 
The Tollu exposures comprise flow banded rhyolites and 
rhyodacites with lesser basalt, in which is emplaced a mass 
of granophyre locally showing a transition to gabbro (Daniels, 
1967). The Rb-Sr total rock isochron of Compston and Nesbitt 
(1967) (11001140 m.y.) gives the age of extrusion of the
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rhyolites. Local Cu mineralisation and quartz veining 
occur. A biotite granite south of T o l l u , considered a part 
of the basement by Bowden (1969), may be related. Skirmish 
Hill is similar, with volcanics intruded and veined by a large 
granophyre body. Dykes of granophyre also cut the Bell 
Rock Intrusion on its south-western contact, demonstrating 
that acid igneous activity postdated the emplacement of the 
Giles Complex.
The foliated gabbro intrusive and its basaltic country 
rock at Mummawarrawarra, form the basic equivalent of the acid 
vo1canic-p1utonic association. Although equated with the 
Giles Complex by Bowden (1969) its affinities are uncertain; 
it too, is cut by granophyre dykes. At Macdougall Bluff 
basalts with a basal conglomerate are unconformable on a 
granite gneiss equated with the metamorphic complex by 
Comps ton and Nesbitt (1967) .
Nesbitt and Talbot (1966) describe the area as a basinal 
structure with central volcanics surrounded by inward dipping 
basic intrusions (Giles Complex - Cavenagh, Blackstone and 
Bell Rock Intrusions) . They suggest that the volcanics are 
contemporaneous with or younger than the Giles Complex, 
stressing the consistency of the basinal structure, the facing 
of the intrusions and the position of the volcanics. The 
relationship between the lavas and intrusives of the Tollu 
region and the Giles Complex is controversial and published 
hypotheses are examined in a later chapter.
(b) Sediments of the Officer Basin
Weakly folded quartzite appears to be unconformable on 
the Tollu Volcanics south of Skirmish Hill. These sediments
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form the basal unit of the Officer Basin and are thought to 
be uppermost Proterozoic in age by Johnson (1963). Litho­
logical correlation by almost continual outcrop equates them 
with the Townsend Quartzite (Daniels, 1969a) which is overlain 
by glacial deposits of presumed Upper Proterozoic age. This 
glaciation can be placed between 700 and 800 m.y. by Rb-Sr 
shale dating of stratigraphic equivalents in north-western 
Australia (Bofinger, 1967). Taking the above lithological 
correlation as indicating crude time equivalence of the 
Townsend Quartzite and Skirmish Hill beds, an upper limit of 
700 m.y. is placed on these units.. The age of the Tollu
Volcanics then restricts the time of deposition to between 
1100 and 700 m.y. with the latter likely to be the closer 
e s tima te .
Scattered basic volcanics within the Officer Basin 
(Daniels, 1969a) are thought to be of Ordovician age on a 
lithological correlation with the Kulyong Volcanics near the 
S.A.-W.A. border (Major and Teluk, 1967 ) .
2.3.4 Structure
The important structural elements in the Tomkinson 
Ranges are the internal deformational behaviour of the meta- 
morphic rocks and the interaction of this basement with the 
cover. Two major folding episodes are recognised by fold 
geometry and structural effects within the Giles Complex 
intrusions. The first (F^) only occurs in the granulites 
as meso- and macroscopic folds of similar style. It is 
overprinted by concentric folds (F ) which affect both 
granulites and large intrusives. The present tectonic
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trend is partly derived from the east-west fold axes of F^;F^ 
structures are revealed as occasional complications in this 
p a t t e r n .
The overlying volcanics are also folded and Nesbitt 
and Talbot (1966) conclude that this deformation was 
synchronous with that of the Giles Complex i.e. both were 
affected by F . It is however difficult to relate folding 
episodes in basement and cover and the question cannot be 
considered closed. As intimated above a third deformation 
(F ^ ) may have been active along the line of the present 
basement-cover interface, the Bell Rock Range arc. A result 
of differential movement of basement and cover, this could 
have folded the volcanics - the question is considered at 
length l a t e r .
Mylonite zones, sites for great vertical movement, cut 
the area in an east-west direction (Thomson, 1964). They 
are of two types, blastomylonites and younger, fine-grained 
mylonites (Goode and Nesbitt, 1969). One, the Hinckley 
Fault, is a prominent structure in South Australia and 
probably extends westward to the Blackstone Range. Others 
can be inferred geologically.
2.3.5 Synthe sis
As one purpose of this thesis is to provide a history 
for the area, this section will be brief and limited to 
geological evidence.
Rocks of unknown origin were subjected to granulite 
facies metamorphism probably accompanied by folding (F^) ,
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to produce the basement gneisses. Subsequent to the peak 
of metamorphism, during a period of tectonic quiet (required 
for igneous layering to develop), but while part of the 
region remained under high pressure, the Giles Complex magma 
was intruded. The sheet-like bodies produced were vertically 
stacked through a considerable thickness of the crust.
Folding (F ) was followed by a succession of Minor basic 
intrusive phases. Final disruption of the igneous bodies 
was accomplished by faulting. The Tollu volcanism, though 
clearly related to these events, cannot be placed with 
certainty. The outcrop area of the volcanics has remained 
at high levels since extrusion (at 1100 m.y.) and it is 
presumed that the metamorphic complex has been differentially 
uplifted, perhaps along the mylonite zones.
Of great importance is the postulated crustal section 
which spans physical conditions ranging from granulite facies 
metamorphic grade to the surface. It can be seen in a 
traverse along the line Ewarara-Michae1 Hills-Bell Rock 
Range-Macdougal1 Bluff. The evidence, discussed in detail 
above, comes from -
(a) the decrease in metamorphic grade along this line.
(b) the layered sequence of originally horizontal 
basic intrusions in the M t . West area.
(c) the decrease in pressure evidenced by the igneous 
mineralogy.
(d) the position of the volcanics which mark the original 
surface .
Although there are certainly tectonic breaks, this unusual 
section provides an opportunity to study the inter-relations 
of phenomena in supracrustal and deep-seated environments;
thus it leads to one of the themes of this thesis.
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CHAPTER THREE: GRANULITE PETROLOGY
3.1 Introduction
As a base for the geochronology, the petrological 
characteristics of the metamorphic rocks will be described, 
beginning briefly with mesoscopic features, leading to 
chemistry and mineralogy. An initial picture of geological 
development is derived, which can constrain and be tested by 
isotopic studies. It focuses on the pre-metamorphic genesis 
of the rocks and their response to, and revelation of meta­
morphic conditions. Mt . Aloysius, the area examined in 
detail is taken as typical, and comments on other regions are 
inserted where relevant.
3.2 Lithological Features
For the purposes of this thesis a granulite is defined 
as a metamorphic rock whose mineral assemblage is consistent 
with granulite facies grade of metamorphism. The more 
restricted definition (Turner and Verhoogen, 1960) which 
specifies a fabric in which quartz forms lenses parallel to 
foliation is applicable only to the acid rocks discussed.
The granulite facies is introduced by the development 
of orthopyroxene at the expense of hornblende and biotite 
(de Waard, 1965) . Several subdivisions have been proposed, 
that of Green and Ringwood (1967a) being used herein. As a 
result of experimental investigation they distinguish the 
following mineral assemblages in basic granulites:
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(i) low-pressure granulites - olivine plus plagioclase 
and the occurrence of cordierite.
(ii) intermediate-pressure granulites - orthopyroxene 
and plagioclase, but incompatibility of olivine 
and plagioclase.
(iii) high-pressure granulites - garnet, clinopyroxene 
and quartz; incompatibility of orthopyroxene and 
plagioclase.
Rocks from the Tomkinson Ranges contain orthopyroxene 
and plagioclase and sometimes coexisting garnet, while 
hydrous phases are very rare - they are thus intermediate 
pressure granulites. M t . Aloysius comprises a sequence of 
lithological units which can be distinguished readily in the 
field by their mineralogy, texture and structure - see table 
3-1. A brief geological description is given in section 
4.2.1 and the inter-relations of the units are shown on the 
geological map (plate III).
Several specific petrological points merit discussion.
With the exception of basic granulites, none of the rocks 
is in textural equilibrium: quartz grains have serrated
margins and prominent subgrains and the plagioclases have 
deformational twin lamellae. The textures are a result of 
deformation subsequent to the development of the metamorphic
mineral assemblage.
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TABLE 3-1
Lithological Units Mapped at Mount Aloysius 
(see Appendix III for details on individual specimens)
Sillimanite granulite:
The unit has a pelitic composition and a qtz+kf+ga+si11±p1 
mineralogy. Hand specimens show centimetre-scale layering 
and a pronounced lineation defined by prisms of sillimanite. 
Outcrops are buff-coloured and blocky.
Garnet granulite A :
Varying proportions of qtz+kf+pl+ga±opx result in a 
subacid to intermediate composition. The unit is massive 
with garnet porphyroblasts in wavy lines defining the 
foliation. One major and many minor bands of a pl+opx±qtz 
rock have an intermediate composition; they outcrop as 
smooth chocolate-coloured boulders whose surface may be 
roughened by occasional quartz schlieren.
Banded granulite:
Interlayered bands of acidic and basic composition, with 
the former predominating, are up to five metres thick. The 
felsic rocks are qtz+kf+pl±opx±ga and generally massive.
Basic granulite horizons occur on two scales. Layers one 
centimetre thick in acid granulite form a distinctive banded 
rock type. Horizons five metres thick are extremely uniform 
and outcrop as jet-black boulders. The proportion of acidic 
to basic lithologies is difficult to estimate, but may be of 
the order of 20:1 - contacts are invariably sharp. Mes o ­
scopic similar folds defined by thin basic bands are common.
con t .
TABLE 3-1 (continued)
Garnet granulite B ;
The unit is similar to garnet granulite A, but has a 
more uniform composition.
Massive granulite:
A very uniform, massive qtz + pl+opx±ga lithology which 
outcrops as irregular, smooth, brown boulders. Mineral 
identification in hand specimen is difficult owing to a 
characteristic 'indistinct' texture which is a function of 
fine grain size.
Charnockites are described by Cooray (1969) as,
"dark, greasy-looking rocks, grayish, greenish, or 
bluish-gray in colour and equigranular in texture, 
in which a pleochroic orthopyroxene, probably hyper- 
sthene, is suspected and invariably found to be 
present, whether the rock is acid, intermediate, or 
basic in composition".
Many lithologies in the Tomkinson Ranges are of this type.
Hand specimens with modal quartz and feldspar and minor 
pyroxene are black or very dark green despite their felsic 
mineralogy. These charnockites occur interlayered with 
otherwise similar, but pale-coloured granulites, and must 
have the same origin. Because of dispute about the usefulness 
of the term charnockite, rock units have been given field 
names and specific rock types are described by their mineral 
as s emblage.
Compositional layering within the granulites is found 
on two scales. Internally homogeneous horizons 5 to 100 
metres thick are persistent over strike lengths of up to five
kilometres. Narrow bands, one to five centimetres thick, 
generally pinch out within a single outcrop. In terms of 
its persistence and range of lithology from basic to acid 
to sillimanite granulite, the first is strikingly like sedi­
mentary layering. The occurrence of similar and undoubted 
supracrustal layering in other terrains (e.g. Adirondack 
Highlands, de Waard and Walton, 1967) reinforces this 
impression. The relatively simple macroscopic fold 
geometry and lack of transposition is consistent with its 
preservation. The second, fine scale banding, which may be 
due to a change in either modal proportions of minerals or 
gross composition, is of problematic origin. It may 
represent either sedimentary bedding or a product of meta- 
morphic differentiation.
3.3 Chemical Features
Field mapping reveals several distinctive rock units 
some of which, though geographically remote, are petrol- 
ogically very similar. Internal variations also mean that 
each unit contains some compositional equivalents of others. 
Rock specimens may be studied in terms of their rock units, 
regardless of chemistry, or grouped on the basis of similar 
chemical composition. The question is whether rocks out­
cropping together or those of similar chemistry are likely 
to be related isotopic systems. The collection of samples 
for geochronological purposes is orientated toward field 
geology so that the rock-unit approach is used. This method 
may be further justified if the rock units can in fact be 
distinguished in chemical composition.
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3.3.1 Composition of Rock Units
Representative rock analyses for lithologies at Mt . 
Aloysius are shown in table 3-2 and a complete list is in 
Appendix III. The sillimanite granulite can immediately be 
distinguished from the other rock units on its high A1 and 
extremely low Ca contents. Silicon and potassium, the 
major elements most used as indices of fractionation, are 
plotted as weight per cent SiO^ and K versus rock unit in 
figures 3.1 and 9.2; an histogram of the K contents of all 
granulites can be found as figure 9.3. The banded granulite 
has a distinctly higher silica content than the other litho­
logies (excluding bands of basic granulite which are distinctly 
lower) and is much less mafic. The massive granulite can 
be identified by its low and uniform K analysis. The garnet 
granulites remain as rocks with about 65 per cent silica, 
but with moderate internal variations.
An alternative approach is to adopt the procedure of 
Lambert and Heier (1968) , classifying the rocks on SiO^ 
weight percentage. This method has the flaw of artificial 
class boundaries and will break down when one is straddled 
by a group of related rocks (as is the case for the present 
data at Si02=65%). A 'natural' and little different four­
fold subdivision with the following bounding SiO^ percentages 
can be made by examination of figure 3.1.
Bas ic Intermediate Subacid Acid
<55 55-63 63-70 >70
<55 55-65 65-70 >70 (Lambert and
Heier (1968))
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However the rock unit scheme has distinct advantages
convenience in relation to geochronology, compatibility with 
field observation and use of a number of chemical criteria.
It also restricts the size of the chemical system examined.
3.3.2 Pre-metamorphic Origin
Table 3-2 compares total rock analyses of granulites with 
the average rock compositions of Shaw (1956), Pettijohn (1963) 
and Taylor (1968) . Since variation about the mean of such 
estimates is large, particularly in the case of the limited 
information on the metamorphic rocks, they must be treated 
with caution. For this reason a typical analysis has been 
included and the dispersion of data is shown in figures 3.1 
and 9.2. It can be seen that most granulites have equivalent 
compositions to unmetamorphosed rocks and there is thus no 
reason to suppose any modification of major element content 
during metamorphism. Generally, all that can be said con­
cerning pre-metamorphic parentage is that the chemical data 
are consistent with both igneous and sedimentary materials.
The banded granulite acid rocks could have been arkose, 
granite or rhyolite. Arkose is perhaps unlikely being a 
relatively rare rock type. Granite is unsuitable because of 
the layered character of the unit, particularly when the 
basaltic composition, basic granulite bands are considered.
A predominantly acid volcanic sequence with occasional basaltic 
interbeds is a plausible pre-metamorphic equivalent. The 
massive and garnet granulites can be equated with andesitic 
to dacitic volcanics or greywacke-1ike sediments. The
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observed uniformity could be a consequence of thick flows or 
a poorly layered sequence. Only in the case of the sillim- 
anite granulite can a positive identification be made by 
comparison with the average pelite of Shaw (1956) . The 
metamorphics have the typical pelitic characteristics of high 
K^O/Na^O and A1^0 ^/Na^0+K^0 ratios and low Na^O and CaO 
(Chinner, 1960) . Divergence from the average for these 
undoubted metamorphosed pelitic sediments is probably due to 
an originally variable silt/clay ratio. Trace element 
abundances discussed later are generally in accord with 
these possibilities.
The Mt. Aloysius rock sequence could have comprised 
calc-alkaline volcanics (basalt-andesite-dacite-rhyolite) , 
greywackes of variable composition and pelitic sediments, 
a lithological association that is extremely common in 
geosynclinal deposits - see for example the table in Crook 
(1969) , noting the abundance of volcanic greywackes.
Comparable interpretations are common in the literature 
(e.g. Dearnley, 1963 ; Scheumann, 1961; Cooray, 1969) .
Information on the bulk rock compositions of other 
granulite exposures is restricted to field and petrographic 
observation and limited chemical analyses, but a similar 
picture is clear. At Ewarara acidic, subacidic, basic and 
sillimanite granulites form interlayers ten metres thick; 
acid granulite with lesser basic garnet granulite interbands 
occurs over a large area north of Teizi. Within the Gosse 
Pile region Moore (1970) records acid to subacid granulites 
as predominating, with lesser basic and sillimanite granulites, 
quartzite and calc-si1icates. These last are diopside-rich
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rocks and marbles with a calcite+forsterite + diopside+ 
chondrodite+phlogopite+spinel mineralogy. On the basis of 
the marble, quartzite and pelitic rock types, together with 
zircon morphologies, Moore (1970) concludes that at least 
part of the Gosse Pile rocks are metasedimentary.
3.3.3 Conclusions
The total rock chemical data support the separation of 
the M t . Aloysius granulites into lithological units. The 
compositions found are similar to those of supracrustal rocks, 
the pelites and calc-si1icates distinctively so, forming a 
lithological association consistent with original geosynclinal 
genesis. Large scale layering is best explained by derivation 
from high level strata. Acid and subacid granulites are 
the most common rock types as can be seen to some extent in 
the major element histograms, figures 3.1 and 9.2. The mean 
composition is probably granodioritic. Wilson (1969)
similarly notes that rocks of adamellitic or granodioritic 
composition form the bulk of granulites exposed in the Musgrave 
Ranges. This situation is likely throughout much of the 
Musgrave Block (see mapping by Thomson et a 1 . , 1962 ; Major 
et a l . , 1967 ) .
3.4 Metamorphic Petrology
Experimental petrology provides data on the physical 
conditions appropriate to several mineralogical phenomena 
displayed by the granulites. Comparison of natural and 
synthetic cases enables estimation of the P-T environment of 
metamorphism and of its variation with time.
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3.4.1 Garnet Stability
The development of garnet within the granulite facies 
has been used as an indication of metamorphic grade.
Buddington (1963) for example recognises two garnet isograds.
De Waard (1965) proposes that in saturated rocks the replace­
ment of orthopyroxene - plagioclase assemblages by garnet - 
c1inopyroxene - plagioclase can be used to distinguish high 
and low pressure subfacies. He considers the appearance of 
garnet in undersaturated rocks to be dependent on bulk 
composition.
Green and Lambert (1965) experimentally examined the 
high P-T mineralogy of an adamellite composition, demonstrating 
the incoming of garnet at high pressures as shown in figure 
3.3. Detailed work by Green and Ringwood (1967a) on a 
variety of basaltic compositions produced the subdivision of 
the granulite facies described in section 3.2. The low- 
to intermediate-pressure granulite transition is marked by 
reaction of olivine and plagioclase to form aluminous pyroxenes 
± spinel. As pressure increases, the transition to high- 
pressure granulites and the appearance of garnet + clinopy- 
roxene + quartz result from reactions:
orthopyroxene + anorthite almandine-pyrope + c1inopyroxene
+ quartz
orthopyroxene + anorthite grossular-almandine-pyrope
+ quartz
i.e. orthopyroxene plus plagioclase is replaced by clino- 
pyroxene plus garnet plus quartz. Because these phases 
form solid solution series, the P-T interval of reaction is 
broad and dependent on bulk composition. The important
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factors are Mg/Fe^ and Na/Ca ratios and SiO^ content. P-T 
information is best obtained by a comparison of mineral 
assemblages in closely matched synthetic and natural 
composition s .
The experiments also enable an excellent interpretation 
of coronal textures in which relics of orthopyroxene are 
surrounded by a garnet rim (with or without included quartz) 
and associated c1inopyroxene. Such textures indicate 
passage from the opx+pl into the ga+cpx field, with reaction 
as above in which equilibrium has not been attained i.e.
P-T conditions must have been defined by the transition 
interval of figure 3.3. The coronae are conventionally 
taken to indicate an increase in metamorphic grade (e.g. de 
Waard, 1965) . However the reaction boundary can be crossed 
along numerous paths in P-T space. Increasing metamorphic 
grade corresponds to a rise in both P and T. The same 
mineral association may be produced by isobaric cooling which 
is strictly retrogressive metamorphism.
All garnet reaction rims at M t . Aloysius are narrow, 
unevenly developed and quite distinct from the major mineral 
assemblage of coarse grained quartz, feldspars, pyroxene 
and garnet. The mineralogy is therefore divisible into:
(1) a coarse grained primary mineral assemblage, developed 
during the major granulite facies metamorphism.
(2) secondary reaction rims, a peripheral modification 
of (1).
Both give P-T information, the latter tending to be more 
diagnostic as it is indicative of a reaction relationship 
whereas the former is indicative of a P-T stability field.
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TABLE 3-3
Characteristic Metamorphic Mineral Assemblages
Specimen Primary Secondary
M t . Aloysius
GA 2791 qtz+pl+opx±kf If present, 
gaiqtz rims 
or o p q .
narrow 
to opx
69-1246 kf+pl+opx+ga II  II
plus overgrowths on ga
69-1250 qtz+kf+pl+opx+ga II l l
GA 2785 qtz+kf+pl+opx None
69-1320 qt z + k f +pl+ga II
GA 3 5 4 9A pl+opx+opq II
GA 2800 pl+opx+cpx II
69-1439 pl+opx+cpx+horn Opx+pl±cpx 
on horn
intergrowth
Ewarara
69-1258 qtz+kf+pl+opx+opq Garnet as prominent 
rims to opx and opq
69-1261 pl+opx+cpx+horn+opq " II
Te i z i
69-1298 qtz + k f± opx None
69-1300 qtz+kf+pl+ga II
GA 2768 pl+cpx+ga l l
GA 2779 II II
GA 2780 pl+opx+cpx II
(key to abbreviations in Appendix III)
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Table 3-3 lists characteristic mineral assemblages of 
rocks from the Tomkinson Ranges. Table 3-4 compares 
experimental and natural compositions. Figures 3.4 and 3.5 
display some experimentally determined garnet field boundaries. 
These data will be used to estimate metamorphic conditions 
in specific areas.
(a) Mount Aloysius
Several rocks from this locality have compositions which 
approximate those used in experimental studies. Garnet does 
not occur in the primary mineral assemblages. Specimen 
GA 2791 is identical to the andesite composition and has the 
mineral assemblage qtz+pl+opx; GA 2785, an 'adamellite', 
has a qtz+kf+pl+opx association. Basic granulites GA 3549A 
and GA 2800 contain coexisting pyroxenes and plagioclase.
All show metamorphic equilibration in the orthopyroxene + 
plagioclase field. Consequently the physical conditions at 
which this occurred have a high pressure limit defined by 
the garnet reaction boundary. This limit is depicted in 
figure 3.4 in terms of the boundaries for the relevant 
experimental compositions.
Basic granulites which contain the paragenesis 
pl+opx+cpx+horn (e.g. 69-1439) do not yield P-T information.
Hornblende is stable with respect to olivine or garnet 
throughout much of the granulite facies so that the absence 
of these phases is not diagnostic (Green and Ringwood, 1967a).
The development of garnet in granulites of subacid and 
intermediate compositions (e.g. 69-1246, 69-1320) is dependent
on bulk chemistry. The mineral is found in lithologies which 
have comparatively high alumina contents and low Mg/Fe ratios.
Consequently garnet is stable in these rocks at lower 
pressure relative to the experimental andesite.
Thus the primary mineral assemblage at Mt . Aloysius 
demonstrates metamorphic conditions within the orthopyroxene h 
plagioclase field.
Garnet reaction rims are found on orthopyroxene, opaques 
and primary garnets (there identified by included quartz) .
With the exception of one case, GA 2794, they are patchily 
developed and of small volume. The reaction indicated is of 
the form:
orthopyroxene + opaque + plagioclase garnet ± quartz
It is found in all rock units, but not all specimens, where 
there is an orthopyroxene or opaque available. The coronae 
signify that there was a change in P-T conditions after the 
formation of the primary assemblage whereby the rocks 
entered or further equilibrated in the garnet field for 
their composition. The perturbation, either a rise in 
pressure or fall in temperature, was insufficient to allow 
attainment of equilibrium. The occurrence of reaction rims 
is in harmony with development of the primary assemblage at 
intermediate-pressure granulite grade.
Type A dykes, which are extremely uniform in composition 
have a partly recrysta11ised pl+cpx association. However, 
one mylonitised, quartz-normative rock has garnet as reaction 
rims to clinopyroxene and opaques. Physical conditions on 
the intermediate- to high-pressure granulite transition are 
indicated with the proviso that deformation has been required 
to promote reaction. Low temperatures in the country rock a
a likely explanation as the dykes are a late intrusive phase.
(b) Ewarara
Plagioclase and orthopyroxene coexist as the main 
primary phases in a wide range of rock types, although there 
are some garnet-bearing associations. An undersaturated 
basic rock with 12 per cent normative olivine, 69-1261 has 
a pl+opx+cpx paragenesis which clearly denotes intermediate- 
pressure granulite conditions. Metamorphic grade is there­
fore similar to that at Mt. Aloysius. Extensive 
ga+qtz±cpx overgrowths on orthopyroxene and opaques mask the 
primary assemblage and reveal passage into the garnet field 
by the reaction,
orthopyroxene + opaque  ^ —  garnet + quartz ± c1inopyroxene 
+ plagioclase
In contrast to Mt. Aloysius, products are equally abundant 
as reactants.
(c) Teizi
Interlayered acidic (69-1298) and basic (GA 2768) 
granulites are mineralogically uniform with the associations 
qtz+kf and pl+cpx+ga respectively. Recrystallised type B 
dykes can be compared with experimental equivalents as done 
by Gray (1967) (GA 2780 = quartz tholeiite B; GA 2779 = 
olivine tholeiite A ) . The pl+cpx+ga assemblage of GA 2779 
indicates that physical conditions were on the high pressure 
side of the garnet reaction boundary in olivine tholeiite A 
(see figure 3.5). Similarly, pl+opx+cpx in GA 2780 
requires P-T conditions on the low pressure side of the 
boundary in quartz tholeiite B. The possible P-T range is 
thereby restricted to a relatively narrow band.
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The distinction between primary and secondary mineralogy 
is difficult in this area because of the tendency of reactions 
(identical to those above) to go to completion and destroy 
the primary mafic phases. This is clearly shown by the type 
B dykes which were emplaced well after the main granulite 
facies metamorphism and had an original igneous mineralogy.
Any garnet in the rocks must consequently be a secondary 
modification. Specimen GA 2779 has an equilibrium assemblage 
pl+cpx+ga showing that reaction has gone to completion.
For this reason it is difficult to interpret the basic 
granulites of the country rock. Their pl+cpx+ga paragenesis 
may have had a similar history after the main granulite 
facies metamorphism. If it is primary, then proximity to 
the garnet reaction boundary implies either higher pressures 
or lower temperatures than in other areas.
(d) Inter-area Comparison
Garnet stability relations indicate that intermediate- 
pressure granulite grade prevailed at Mt. Aloysius and Ewarara. 
The prevalence of garnet in basic rocks at Teizi may suggest 
either higher pressure or lower temperature relative to 
other areas. This feature is however explicable as an 
advanced secondary stage. Secondary mineralogy varies in 
its development and demonstrates a crossing of the 
orthopyroxene + plagioclase boundary reaction after the main 
metamorphic episode. The closer approach to equilibrium in 
the Ewarara-Teizi area requires explanation.
3.4.2 Garnet Stability in Pelitic Compositions
The phase relations of pelitic rocks at high pressure
3 7
and tem perature have been studied e x p e r i m e n t a l l y  as a 
function of chemical composition by Hensen (1970) . Data 
for his aluminous C series of compositions (in particular  
C where l O O M g / M g + F e 1 1 = 30 - see figure 3.2) is applicable 
to the sillimanite granulites all of which display excess 
sillimanite, quartz and p o t a s s i u m  feldspar. At 900°C 
cordierite is the stable, low pr essure f e rromagnesian phase, 
breaki ng down to garnet on pr essure increase by means of the 
r e a c t i o n ,
cordierite <■■■ garnet + sillimanite + quartz.
Cordier ite and garnet coexist over a pressure interval until 
the former disappears leaving a garnet plus sillimanite 
assemblage. At 1050°C the sequence is cordierite to 
cordierite plus spinel to spinel and finally garnet by 
r e a c t i o n s ,
cordierite spinel + quartz
spinel + quartz garnet + sillimanite.
The analysed rocks from M t . Aloysius (69-1237, 1240,
1242) and Ewarara (69-1259) display the mineral assemblage 
q t z + k f t g a + s i 11 and have 1 0 O M g / M g + F e 11 very close to 30 - 
see appendix III. They differ from the e xperimental c o m ­
po sit ion  in having much lower Na and Ca contents,
slightly more mafic nature and lower Al^O^/SiO^ ratio.
The natural para g e n e s e s  must have formed above the bounding 
reaction line for the stability field garnet plus sillimanite 
which can be located in P-T space using the experimental
results .
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A pelitic rock from Cohn Hill in the far west of the 
area, displays a complex reaction texture with a primary 
mineral assemblage of qtz+kf+ga+si11 on which is developed 
cordierite, spinel and minor biotite as secondary reaction 
products. The coronae found are -
(i) corroded garnet completely mantled by cordierite, 
itself with marginal clumps of cordierite-spine1 
intergrowth.
(ii) garnet surrounded by cordierite which may contain 
tubules of a colourless mineral.
(iii) sillimanite crystals with a marginal spinel- 
cordierite intergrowth, all surrounded by 
cordierite.
(iv) sillimanite rimmed by a narrow band of cordierite.
(v) possible minor amounts of a quartz-spine 1 inter­
growth bordered by cordierite.
Most garnet and sillimanite crystals are enclosed by reaction 
products, but may be unaffected in some quartzose bands.
The experimental data allow a detailed interpretation of the 
P-T history of this association. The rock is referable to 
the ^ 2 0 comPosition as used above (there is no analysis) 
because it contains excess sillimanite, quartz and potassium 
feldspar and no sapphirine. The coronal textures show -
(i) a primary assemblage (qtz + kf + ga+si11) comparable 
to sillimanite granulites at other localities, 
which formed within the garnet field as described 
above.
(ii) a series of reactions -
perhaps,
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g a m e  t + sillimanite *■■■■  ^ spinel + quartz (1)
and ce rtainly,
garnet + sillimanite ^  spinel + cordierite (2)
garnet + sillimanite + quartz —  cordierite (3)
Reactions (2) and (3) are clearly shown to be sequential 
by the corona (i) above. The reactions record a transit 
from the garnet to the cordierite field of figure 3.2 via 
the association cordierite-spinel i.e. a decrease in pressure 
at roughly constant and very high temperature (approximately 
1000°C). The area is thus comparable to others in its 
primary phases, but has a quite unique secondary modification.
3.4.3 Aluminosilicate Stability
The isochemical A1 SiO phase transitions are probably2 5
independent of bulk rock composition and therefore of prime 
importance to metamorphic P-T estimates. The phase 
boundaries used herein are those determined by Richardson 
et al. (1968, 1969) and are displayed in figure 3.3.
Sillimanite is the only aluminosilicate polymorph known in 
the Tomkinson Ranges, occurring at Gosse Pile (Moore, 1970) , 
near Paldju (Barnes, 1968) , Ewarara, Mt. Aloysius and Cohn 
Hill i.e. an east-west distance of 170 kilometres. Found 
as large, subhedral crystals, it is texturally part of the 
primary mineral assemblage, which thus crystallised within 
the sillimanite field.
3.4.4 Alkali Feldspar Solvus
Morse (1970) has determined the critical line to five 
kilobars in the system albite-orthoclase-water and its
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projection to the kyanite-si11imanite boundary of Richardson 
e t a 1 . (1968) (see figure 3.3) . The addition of calcium
(Morse, 1968) shifts the critical line to higher temperature. 
Consequently the albite-orthoclase result delimits the minimum 
temperature of exsolution for the anorthite-rich alkali 
feldspars of the granulites (An ) ’ Morse (1968) suggests
that calcic mesoperthites may form at 1,000°C for a pressure 
range of four to seven kilobars. The ubiquitous occurrence 
of mesoperthites in the Tomkinson Ranges is indicative of 
hypersolvus crystallisation of alkali feldspar.
3.4.5 Hornblende Stability
At the onset of granulite facies conditions the
orthopyroxene isograd is due to the breakdown of hornblende in
quartz-bearing rocks by a reaction (Binns, 1969) ,
hornblende (I) + quartz orthopyroxene + clinopyroxene
+ plagioclase ± hornblende (II) + hydrous phase.
The modified hornblende (II), a stable phase in the granulite
facies, is characterised by a brown colour attributed to high
Ti content (Binns, 1965) . Binns (1969) has investigated
the above reaction between one and three kilobars under
P = P conditions, and the breakdown curve is given in H O  T ^2
figure 3.3 as a lower limit to the granulite facies. The 
effect of Pt. o < P^ is considered to be small, enlarging the 
orthopyroxene field by 60°C for P^ ^ = •lP^ (Binns, 1969) .
Thus the initial breakdown of hornblende and the lower 
boundary of the granulite facies correspond to temperatures
of 750-800°C .
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Further increase in temperature may exceed the stability 
limit of hornblende in quartz-free rocks resulting in the 
re action,
hornblende orthopyroxene + c 1 i nopy r o xe ne + plagioclase
+ hydrous phase.
The hornblendes of M t . Aloysius appear to have reached this 
state, being enclosed in an intergrowth of pl+opxicpx.
The P-T field of hornblende stability is defined at the 
higher temperature limit by breakdown at Q = P^.
However the solidus of the rock may be exceeded before this 
temperature is reached. The actual breakdown of hornblende 
occurs at the solidus of the rock for P^ Q equal to the 
equilibrium vapour pressure of hornblende. Bryhni et a l . 
(1970) have estimated the amphibole stability limit at various 
water pressures (figure 3.4). The natural reaction above 
is likely to have occurred under approximately these 
conditions.
3.4.6 Solidi for Rock Systems
Experimental determination of the solidi for rock 
compositions has shown that granitic rocks have the lowest 
temperature melting curve and will be first to melt with 
increasing metamorphic grade. Migmatitic structures, 
pegmatitic pods and crosscutting acid dykes are extremely 
rare in the Tomkinson Ranges and it may be concluded that 
in general the exposed granulites did not melt. Goode 
(1970) does note pegmatites associated with folding indic­
ating some melting at this time. The physical conditions 
of granulite facies metamorphism can thus be placed on the
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low temperature side of the solidi for relevant rock 
compositions and water contents; the acid rocks with their 
low melting points provide the best control (each area has 
rocks approximating the minimum melting composition).
The water saturated solidus (figure 3.3) for granitic
compositions has been investigated by numerous workers, that
of Boettcher and Wyllie (1968) being used here. The other
limiting solidus is that for anhydrous adamellite estimated
from Green and Ringwood (1968) . This curve is paralleled
by solidi of increasing water content which progressively
approach the water saturated solidus in the manner described
by Burnham (1967). It is concluded that melting of
granulites was insignificant and that P-T conditions remained
on the low temperature side of the anhydrous adamellite
solidus. The further use of this information to estimate
P  ^ in combination with other P-T indicators is given in h 2o
3.4.9.
3.4.7 Olivine Stability
Olivine, although only found in basic intrusives, is 
included in this discussion because of its subsolidus reaction 
with plagioclase. Goode and Krieg (1967) report double 
reaction coronae of orthopyroxene and c1inopyroxene-spine 1 
symplectite around olivine in contact with plagioclase.
They attribute this to the subsolidus reaction,
Ca-rich plagioclase + olivine v
Ca-poor plagioclase + orthopyroxene + 
clinopyroxene + spinel,
which by comparison with the experimental data of Kushiro
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and Yoder (1966) on forsterite + anorthite is indicative of 
pressures of seven to eight kilobars at 1000°C. Nesbitt 
et a 1 . (1970) use the development of this reaction to
subdivide intrusions of the Giles Complex into high and low 
pressure types. They interpret coronal textures as derived 
by cooling at temperatures of 1100-800°C and pressures of 
10-6 kilobars. This corresponds to the low-pressure to 
intermediate-pressure granulite transition shown in figure 
3.3.
However Green and Hibberson (1970) stress that dT/dP 
for the reaction is not well known. Experimental determin­
ations for various natural compositions imply that at constant 
temperature (1100°C), the reaction occurs over a range in 
pressure from 8.0 to 10.5 kilobars (Green and Ringwood,
1967b; Green, 1967; Green and Hibberson, 1970; Irving and 
Green, 1970) . While the reaction can be used in general to 
distinguish low- and intermediate-pressure granulites, the 
specific application of Nesbitt ~et a1 . (1970) assumes that
the known olivine and plagioclase compositional variations 
do not result in large changes in the pressure of reaction.
Its use is supported by other subsolidus reactions and is 
consistent with geological interpretation of P-T regimes.
3.4.8 Minor Phenomena
A number of other mineralogical features indicate 
crystallisation under high pressure and/or high temperature
conditions.
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A websterite dyke at Teizi contains spinel rimmed with 
garnet derived by a reaction,
orthopyroxene + clinopyroxene + spinel garnet.
The spinel-garnet websterite composition of Irving and Green 
(1970) has subsolidus mineral assemblages cpx+sp+opx and 
cpx+sp+ga. The above reaction is consistent with cooling 
across this field boundary as shown in figure 3.5. The 
P-T regime indicated is identical to that derived in section 
3.4.1. Exsolution bodies of garnet and plagioclase occur 
in the clinopyroxene of a basic granulite at Teizi, and 
Irving and Green (1970) demonstrate this phenomenon under 
these conditions. Nesbitt e t a l . (1970) also suggest as
indicative of high pressure crystallisation of part of the 
Giles Complex, Al^O^ content °f pyroxenes, rutile and spinel 
exsolution in pyroxenes, orthopyroxene as an early cumulate 
phase and Mg-Fe distribution between pyroxenes.
3.4.9 A Combined P-T Estimate
When the preceding P-T criteria are assembled, a 
consistent picture of metamorphic conditions emerges.
Figure 3.3 depicts the general limitations on the granulite 
facies .
(i) Al SiO stability fields.2 5
(ii) Anhydrous adamellite solidus.
(iii) Alkali feldspar solvus.
(iv) Development of garnet in basic compositions.
(v) Disappearance of olivine in basic compositions,
(vi) Formation of orthopyroxene from amphibole. 
Intermediate-pressure granulites can thus be restricted to
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the parallelogram shown. This attempt to define a petro- 
genetic grid is comparable to those of Gray (1967) in the 
Teizi area, and de Waard (1967) in the Adirondack Highlands 
of North America. Similar compilations can be made for 
specific areas.
(a) Mount Aloysius
Physical conditions for the development of the primary 
mineral assemblage are defined by the pentagon in figure 3.4 
to :
(i) within the sillimanite stability field.
(ii) beneath the anhydrous adamellite solidus.
(iii) within the field of opx+pl in basic compositions.
(iv) within the field of ga+sill in pelitic compositions.
(v) above the alkali feldspar solvus.
The hornblende breakdown reaction in basic granulites is
consistent with this P-T field. The stability limits for
hornblende after Bryhni e t a l . (1970) coincide with the
pentagon. Acid granulites shown no sign of partial melting
so that water pressures for the P-T range of the granulite
pentagon must have been less than one kilobar (Bryhni et a l .,
1970). If the present water content of these rocks is any
guide (0.2 to 0.3 weight per cent), the P must have been
H2 °
much lower. Physical conditions near the solidus for the 
anhydrous adamellite would be required for melting.
(b) Teizi
Gray (1967) gives a P-T synthesis for this area which can 
now be expanded. It is likely that these rocks crystallised 
in the sillimanite stability field although the nearest known
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occurrence is ten kilometres distant. The two metamorphosed 
dykes (section 3.4.1) indicate a narrow P-T band limited by 
the alkali feldspar solvus and anhydrous adamellite solidus.
The band is confirmed by the development of garnet in a 
pyroxenitic dyke (section 3.4.8). The possible P-T range 
is from 800°C, 9 kb to 1060°C, 12 kb - see figure 3.5.
(c ) Ewarara
Ewarara can be constrained in a similar way to M t .
Aloysius by a quadrilateral of sides:
(i) kyanite-si11imanite boundary.
(ii) anhydrous adamellite solidus.
(iii) low- to intermediate-pressure granulite transition,
(iv) stability of garnet in pelitic rocks.
The garnet reaction boundary will bisect the quadrilateral, 
but cannot be specified as there are no comparable experimental 
and natural compositions. The primary assemblage developed 
within the orthopyroxene field and the P-T field is similar 
to that for Mt. Aloysius.
In summary, all primary mineral assemblages indicate 
metamorphism at pressures between 8 and 12 kilobars and temp­
eratures of 800 to 1000°C under conditions of low water 
pressure i.e. intermediate-pressure granulite facies. The 
secondary mineral assemblages are further discussed in
chapter ten.
CHAPTER 4: RUBIDIUM STRONTIUM TOTAL ROCK RESULTS FOR
THE GRANULITES
4.1 Strategy
The main aim of this Rb-Sr study of total rock samples 
is to identify the processes operating during high grade 
metamorphism. The isotopic system may be influenced by 
both large and small scale geological phenomena and these 
factors must be taken into account during the collection of 
specimens. In consequence one area (Mt. Aloysius) was 
mapped and sampled in detail, while two regional collections 
were made along geologically important sections. Each of 
the four areas of metamorphic rocks introduced in section
2.3.1 has been included. Further geological information is 
given here as an introduction to the description of individual 
localities. The tactics of sample collected are discussed
in Appendix II, but two terms should now be defined. A 
locality is a large area of up to ten square kilometres 
within which geochronological work has been done. It is 
distinguished by a name and number e.g. Mt. Aloysius (8), 
Ewarara (13). Stations or sites are specific outcrops up 
to 100 metres in diameter, which provide the rock specimens 
from within a locality. They are numbered sequentially for 
each locality. The geographical hierarchy is thus, region 
greater than locality, greater than station (site).
(a) Mount Aloysius
An area of 25 square kilometres has been geologically 
mapped (Plate III) to establish the geometry of the exposed
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rock units. Eath lithology has been sampled at several 
sites to detect any internal variation or structural effects - 
each specimen has its own geological context. While small 
scale geological phenomena can be studied, the region acts 
as an anchor for, and the western termination of, a regional 
traverse.
(b) Mount Aloysius - Teizi Traverse
The Musgrave Block has an east-west tectonic strike 
throughout the area (Plates I and II) and this traverse is 
designed to examine any along-strike variation. It can be 
subdivided into the Mt. Aloysius and Ewarara-Teizi sections 
which are roughly equivalent, and the distinctive Wingellina 
section. These correspond to definite geological differences 
and are also defined by outcrop breaks (probably related in 
some cases to major faults).
(c) Michael Hills Region
An almost vertical section through the crust is exposed 
in this area (see section 2.3.5) . Samples have been 
collected at various levels in order to investigate the 
influence of depth of burial on isotopic systems.
Experimental details which apply to all Rb-Sr results 
are described in Appendix I. Specifically, the regression 
technique of McIntyre et al. (1966) is used throughout, all
statistical terminology being referable to that work. 
Uncertainties are given at the 95 per cent confidence level. 
The following abbreviations are used,
m.y. = million years or years x 10^
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Ri
Rp
MSWD
87 .86Sr/ Sr ratio at the time of generation
of the system 
87 86Sr/ Sr ratio at the present day 
mean square of weighted deviates
4.2 Mount Aloysius 
4.2.1 Geology
The geological map (Plate III) reveals a folded success­
ion of granulite units cut by the type A dolerite suite and 
affected by minor faulting. The lithological units are listec 
in table 3-1 and their bulk chemistry and important mineral- 
ogical features described in chapter three, and in particular 
sectxons 3.3.1 and 3.4.9. Most of the large scale layers 
can be traced around the Mt. Aloysius structure with the 
exception of garnet granulite A which varies internally and 
apparently pinches out to the north.
Two fold st yles with overprinting relations can be 
identified. The major structure (F^ is the older, and has 
a similar fold style closing in the south-east as a synform 
plunging 60° west, bearing 270°, but whose outcrop trace 
swings to north and then north-east apparently reclosing in 
another, but sharper westerly plunging synform. Mesoscopic 
folds of this similar style are very common in the banded 
granulite unit. In a small area within the closure of the 
major synform (near station 61, Plate III) these structures 
are overprinted by concentric folds (F2) which also plunge 
steeply to the west (i.e. the axial surface trace of F 
mesoscopic folds is folded). Macroscopic folds at the same 
locality complicate, and appear to overprint the F 
mesoscopic closure and are therefore considered as of F
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type. It is plausible to link the large scale folding of 
the F ^ synform, which resulted in its double closure, with 
folding on an east-west axis. These features mapped at
Mt. Aloysius have since been reported elsewhere by Nesbitt 
et al. (1970) and are to be expected throughout the Tomkinson
Ranges.
The sampling programme attempted to:
(i) characterise the lithological units by placing 
stations both along, and across strike.
(ii) examine along-strike variation by means of specimens 
taken at intervals over a distance of five kilo­
metres in a prominent horizon of the banded 
granulite (stations 64-67 and 95-99).
(iii) examine aeross-strike variation within the banded 
granulite by sequential sampling of prominent 
horizons (stations 83-85) .
(iv) establish whether folding affected the isotopic
systems by placement of stations on the limbs and 
within the closure of the F^ macroscopic fold 
(stations 86, 89, 92 and 61).
The isotopic data from within this geological framework will 
now be examined.
4.2.2 Sillimanite Granulite
Analyses of qtz+kf+ga+sill rocks (table 4-1, figure 
4.1) from stations 90 and 115 (the summit of Mt. Aloysius) 
show no clear linear array on an isochron diagram. Little 
weight can be attached to the age indicated (1100 ± 200 m.y.,
Ri = .735 ± .010, MSWD = 144.1) as it is greatly dependent
FI
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on sample 69-1242. The data have a pronounced scatter 
which must be a geological effect. Slightly altered 
alkali feldspars are the only petrographic feature which 
might be associated with geological disturbance of the 
isotopic system. Otherwise, although of different compos­
ition (pelitic), the rocks have a mineralogy and texture 
consistent with other granulites from the area. If the 
stations are taken individually, 115 yields a model two 
isochron, age 1000 ± 220 m.y. with Ri = .742 ± .010 (MSWD =
53.4), while 90 is at best crudely consistent with it. A
massive granulite band (GA 2790 - qtz+pl+opx) within the unit
8 7 8 6has Rp = .7042 for Rb/ Sr = .025, virtually the initial
Sr isotopic composition. Ages for individual samples 
(table 4-1) calculated using this initial ratio are much 
older - 1500-1700 m.y..
4.2.3 Garnet Granulite A
In traverses outward from the core of the Mt. Aloysius 
synform (i.e. away from the sillimanite granulite) three 
horizons can be identified within the garnet granulite unit. 
Relative thickness varies greatly and contacts are sometimes 
gradational, but the horizons are persistent even though the 
unit as a whole pinches out on the eastern limb of the fold.
(a) Garnet Granulite A^
Four samples from a single outcrop (station 91) which 
display a wide variation in mineralogy from qtz+kf+pl+ga 
(GA 2788) to qtz+pl+opx (69-1253) give an age of 1460 ± 110 
m.y. with Ri = .7080 ± .0011 (model one, MSWD = 6.5) - see
figure 4.2 and table 4-1.
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(b) Massive Granulite Band
Low Rb/Sr ratios render samples from this rock type
8 7 8 6(qtz+pl+opx) unsuitable for dating (GA 2791 - Rb/ Sr =
.022). The one analysed has been included with garnet 
granulite A^; it is not compatible with garnet granulite 
A^ which has a distinctly higher initial ratio.
(c) Garnet Granulite A^
Three stations (86, 89, 92) dispersed around the fold
closure, provide six points for figure 4.3. The result is 
a model four isochron of 1700 ± 140 m.y. with Ri = .7045 ±
.0007 (M.S.W.D. = 20.5). The discordant sample 69-1319 is
unique in containing one per cent biotite, this mineral being 
an accessory in all similar rocks - see Appendix III. This 
evidence of unusual low grade modification is sufficient to 
cause its rejection from the regression which then yields an 
age of 1655 ± 44 m.y., Ri = .7045 ± .0004 (model one, MSWD =
2.2) with a significant reduction in uncertainty. With this 
exception the data define a single suite of identical age and 
initial ratio to within experimental error. No structural 
effects are therefore detected. This conclusion is reinforced 
by the range in Rb/Sr ratio within each station which would 
allow any difference in age between stat ions to be detected.
The significant difference between the ages and initial 
ratios of garnet granulites A^ and A^ is surprising, as the 
rock types are identical and intimately related. The 
disagreement is mainly due to one specimen from garnet 
granulite A ^ (69-1253). If the other samples from the unit
are combined with data for garnet granulite A^ an isochron of 
age 1661 ± 99 m.y., Ri = .7049 ± .0011 (model three, MSWD =
10.4) is obtained. The increase in MSWD relative to the
53
result for garnet granulite is not statistically signif­
icant, but scatter in the isochron now exceeds experimental 
error. It is likely that garnet granulite has a
disturbed 1600 m.y. isotopic system.
In two areas the contact between garnet granulite A 
and the sillimanite granulite is marked by a black­
weathering, qtz+kf±ga, finely layered rock. Specimens of 
contrasting mafic and leucocratic bands and a fine grained 
mafic variant come from station 88. The rock type has no 
other equivalent in the area, but has perhaps some affinity 
with the garnet granulite - data are shown in figure 4.3. 
Samples from individual bands are consistent with the 1600 
m.y. age of garnet granulite A^ and if included in that 
regression yield 1663 ± 20 m.y., Ri = .7045 ± .0003 (model
one, MSWD = 1.8). Such a grouping has little justification, 
but does demonstrate consistency with a 1650 m.y. age. The 
Rb-Sr model age of the fine grained rock (69-1317) is aberrant. 
Petrological differences, particularly much higher plagioclase 
content, provide no explanation.
4.2,4 Banded Granulite
Because of the great areal extent of this unit the data 
are first considered in terms of individual localities and 
then assembled for an overall result.
(a) Southern Limb Acid Granulite Band
This horizon is used for the examination of along- 
strike variation because of its easily traced massive outcrop. 
Stations (64-67, 95-99) are spaced at intervals of 0.5
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TABLE 4-2
Analytical Data - Banded Granulite
Sample Station Rb ppm S r ppm 8 7 .8 6Rb/ Sr 8 7 86Sr/ Sr
Southern Limb Band
69-1243 64 96.6 419.9 0.665 .7183
1244 65 110.5 356.1 0.898 . 7233
1278 96 104.3 374.6 0.805 .7214
1280 67 112.3 345.3 0.940 . 7241
1323 98 199.3 129.9 4.471 .8047
1324 99 79.8 412.6 0.559 .7171
71-271 66 131.1 256.2 1.482 . 7355
272 95 102.1 347.2 0.850 . 7230
Station 61
69-1233 61 199.5 91.6 6.374 . 8521
1234 61 200.0 157.6 3.694 . 7864
1235 61 211.5 157.2 3 . 916 . 7901
1236 61 241.4 136.2 5.169 .8092
GA 2784 61 198.3 198.1 2.906 . 7640
Station 54
69-1272 54 150.0 375.8 1.155 . 7270
1276 54 138.6 348.6 1.150 . 7282
1277 54 160.7 314.2 1.481 . 7335
GA 2785 54 125.1 348.9 1.037 . 7259
Traverse
69-1282 84 236.3 54.4 12.910 1.0068
1283 84 3.6 361.1 0.029 . 7093
1285 94 9.8 187.4 0.151 . 7236
1292 84 249.0 60.7 12.170 . 9852
1440 83 163.7 141.5 3 . 366 . 7868
1441 83 156.7 65.8 6.977 . 8553
1442 83 24.8 127.1 0.563 . 7205
1437 85 116.6 98.9 3.432 . 7890
1438 85 138.4 102.2 3.946 . 7970
1439 85 0.8 267.9 0.009 . 7042
T A B L E  4-2 cont.
S a mp l e  S t a t i o n  Rb p p m  Sr p p m 87 , ,86^ Rb/ Sr 8 7 .86Sr/ Sr
S t a t i o n  135
6 9 - 1 4 0 9  135
1412 135
B a n d e d  S p e c i m e n  -
GA 3 54 9A 93
93
168.7  280.1
14 9. 0  2 73. 8
S t at i o n  93
34.1 16 8. 9
12 5.1  169.2
1 .74 5 .7389
1 .5 75  .7362
0.583  . 7 244
2 .14 5 .75313 5 4 9 B
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(d) Northern Limb Across-strike Traverse
The older age recurs in the traverse rocks (stations
83-85 ) , samples taken from three acid granulite and two
intervening basic granulite bands (table 4-2, figure 4.7).
The acid granulites have variable mineralogy (qtz+kf+pl±ga),
a good spread in Rb/Sr ratio and define a 1611 ± 67 m.y.,
Ri = . 7087 ± .0006 isochron (model two, MSWD = 49.1) .
Removal of the one divergent point (69-1441) does not cause
a significant reduction in uncertainty - 1629 ± 46 m.y.,
Ri = .7089 ± .0027 (model four, MSWD = 9.2). The two basic
granulite specimens are isotopically and in part mineralogicall
distinct. One, 69-1442, has a mineral assemblage pl+opx+
8 7 86cpx+horn+biot, a relatively high Rb/ Sr ratio (.56) and is
consistent with the above isochron, thus appearing to have
an initial ratio of approximately .709 . If regressed with
the acid granulites an isochron of 1611 ± 68 m.y., Ri = .708
± .002 (model four, MSWD = 43.2) results. The other
(69-1439, pl+opx+cpx+horn) still retains its initial Sr 
8 7 8 6( Rb/ Sr = .0068; Rp = .7042) which is distinctly less
radiogenic than that inferred for the other traverse samples. 
Consequently (see also chapter six) the inclusion of these 
rocks in the regression as done with 69-1442 cannot be 
justified. High Ri and high biotite content may be related 
as these features do not occur in any other analysed basic 
granulite .
(e) Mylonite - Station 135
The banded granulite in the northern part of Mt. Aloysius 
has fewer basic interbands and a narrow (five metres wide), 
mylonitised zone parallel to lithological layering. This
56
qtz+kf+pl+ga granulite has a beautiful mylonitic fabric with 
occasional, round garnet porphyroblasts about which wraps 
a foliation of granulated felsic minerals. Cataclasis 
postdates metamorphism and is probably F^-derived, station 
135 being in the vicinity of a major trend change in the 
axial surface. This attempt to examine the effects of 
mylonitisation is thwarted by infinitesimal dispersion in 
Rb/Sr ratio, the two samples analysed defining a 1140 ± 500 
m.y. age (see table 4-2 and figure 4.11) .
(f) Banded Specimen - Station 93
A banded hand specimen provides analytical material from 
adjacent layers of basic and acidic composition - samples 
GA 3549A and B, with mineral assemblages pl+opx+opq and 
qtz+kf+pl+opx respectively. The slabs of rock, two 
centimetres thick ( 8 x 3 x 2  cms) and directly opposed along 
a very sharp lithological contact, give two data points on 
figure 4.11. The slope of the connecting line gives an age 
of 1310 ± 60 m.y. and Ri = .7137 ± .0019 .
(g) Compiled Banded Granulite Data
Figure 4.8 displays all data points for banded granulites. 
The preceding results can be grouped as -
(i) precise 1600 m.y. isochrons with variable initial 
ratio - (a ) , (d ) .
(ii) imprecise 1600 m.y. isochrons - (b).
(iii) isochrons with little dispersion in Rb/Sr ratio 
and apparently younger age - (c), (e), (f).
Two groups of initial ratios can be discerned. The first 
(.708) is found in the traverse rocks from several horizons 
(and also perhaps along strike at station 94 which has the
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high initial ratio of .720) and characterises the banded 
granulite near its contact with garnet granulite A. The 
remaining data, from closer to the contact with garnet 
granulite B, fall near an isochron of low initial ratio which 
regresses as 1594 ± 65 m.y., Ri = .702 ± .002 (model three,
MSWD = 38.4). This type of regression for geographically 
dispersed samples is a common though dubious operation, as 
they need not be isotopically compatible. This is suggested 
by the high MSWD which will be much larger if the traverse 
data are included. It is better to pool individual iso­
chrons as done below. The banded granulite can thus be 
described by two parallel 1600 m.y. isochrons with 
uncertainties exceeding experimental error. These may 
contain a series of younger isochrons with little spread in 
Rb/Sr ratio.
4.2.5 Garnet Granulite B
Although mineralogically uniform and massive in the 
field, this unit has different Rb/Sr ratios at three sites, 
due to modal variation in alkali feldspar (table 4-3, figure 
4.9). The first (station 43) has no internal dispersion 
and a difference in Rp exceeding experimental error. Data 
from the other two (stations 44 and 45), some 250 metres 
apart across strike (see Plate III), are best described by 
parallel lines, one for each station, indicating model one 
ages of 1260 ± 120 m.y. and 1100 ± 110 m.y. and initial 
ratios of .707 ± .001 and .713 ± .002 respectively. The
two results pool as a single age of 1170 ± 51 m.y.. 
Alternatively, if all samples are combined and regressed,
*7
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TABLE 4-3
Analytical Data - Garnet Granulite B and Massive Granulite
S ample Station Rb ppm Sr ppm 87 ^  8 6 Rb/ Sr 87 .86Sr/ Sr
Garnet Granulite B
69-1248 44 68.2 347.6 0.567 .7174
1249 44 116.0 421.1 0.796 .7215
GA 2797 44 52.8 387.6 0.393 .7144
69-1250 45 160.5 329.7 1.409 . 7347
1251 45 98.3 27 5.4 1.033 . 7283
GA 2798 45 131.7 390.2 0.976 . 7284
69-1321 43 17.4 316.6 0.158 .7111
1322 43 36.3 517.1 0.203 .7095
Mas sive Granulite
GA 2786 141 58.4 392.5 0.430 .7137
2789 141 34.8 409.0 0.246 .7103
2794 138 19.0 328.8 0.167 . 7085
2795 139 20.0 358.7 0.161 . 7082
2796 140 17.9 380.7 0.136 . 7086
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a model three solution is obtained at 1470 ± 200 m.y.,
Ri = .706 ± .002 (MSWD = 24.9) with scatter about the line 
exceeding experimental error - the previous interpretation 
is preferred. The stations are individual isotopic systems 
of comparable age, although differences in age are hard to 
resolve in unradiogenic samples. Located both along and 
across strike they reveal no relationship between geochronology 
and geology.
4.2.6 Massive Granulite
This material from dispersed sampling sites (138-141) 
only justifies a reconnaissance study as it is unsuitable 
for geochronology because of poor enrichment in radiogenic 
Sr (see table 4-3, figure 4.10). The age has a high 
uncertainty 1350 ± 240 m.y., Ri = .706 ± .001 (model one,
MSWD = 2.4) and can be regarded only as an approximation 
because spot samples have no guarantee of a common initial 
ratio. However the massive, uniform nature of the lithology 
(qtz+pl+opxiga) and the model one isochron do support a simple 
interpretation.
4.2.7 Summary
Table 4-4 is a compilation of the age and initial ratio 
data discussed above. It is apparent that within the single 
geological entity of Mt. Aloysius the isotopic ages are 
bimodal about 1600 and 1250 m.y.. The former is clearly 
developed in garnet granulite A^ and several parts of the 
banded granulite as shown by precise isochrons. The latter 
is more subtle, but nevertheless real, as is best demonstrated
5 9
TABLE 4-4
Total Rock Age Determ i n a t i o n s  - Mount Aloysius
Rock Unit Age (m._£• ) Initial Ratio
1600 m .y . Domain
(1) Ga rnet granulite A^ 1655 ± 44 . 7045 ± .0004
Banded granulite
(2) Southern limb band 1606 ± 46 .7033 + . 0010
(3) Station 61 1670 ± 500 .697 + .02 7
(4) Traverse 1611 ± 67 . 7087 ± . 0006
(5) Low Ri group 1594 + 65 . 702 ± . 002
(incl. (2) and (3))
Pooled Age 1627 ± 24 -
1250 m .y . Domain
Banded granulite
(6) Station 54 1240 ± 260 . 708 ± . 004
(7) Station 135 1140 ± 500 -
(8) Banded specimen 1310 ± 60 .7137 ± . 0019
Garnet granulite B
(9) Station 44 1260 ± 120 . 707 ± . 001
(10) Station 45 1100 ± 110 . 713 ± . 002
( I D Sil limanite granulite 1100 ± 200 . 735 ± .010
Po oled Age (6) to (10) 1266 ± 36 -
Uncer tai n
(12) Massive granulite 1350 + 240 . 706 ± .001
(13) Garnet granulite A^ 1460 ± 110 . 7080 + . 0011
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by figure 4.11, a comparison of the younger isochrons with 
a 1600 m.y. reference. Although each 1250 m.y. line has a 
restricted dispersion of data points, when grouped, parallelism 
becomes significant. Pooled estimates for both age types,
1627 ± 24 m.y. and 1266 ± 36 m.y., are quite distinct stat­
istically. Moreover a geographical distinction can be made: 
a line across M t . Aloysius from north-west to south-east 
delimits 1600 and 1250 m.y. age domains on its south-west and 
north-east sides respectively (Plate III). A 'no man's land'
of poorly defined isochrons (sillimanite granulite and banded 
granulite station 61) separates the two sectors. The border 
is oblique to lithological contacts and where crossed by a 
rock unit is revealed by the expected age change (e.g. banded 
granulite southern limb band versus station 54). The only 
exception to such a subdivision is the young banded specimen 
result which is definitely within the 1600 m.y. domain.
The boundary does roughly parallel a fault of small displace­
ment (see Plate III), but is unrelated to it. (Anticipating 
later conclusions, it can be shown that this structure is much 
younger than the major geological events which affected the 
area and certainly postdates 1080 m.y.) The two domains do 
contrast in terms of internal variability as is best shown 
by the garnet granulites. The more uniform A^ (1600 m.y.) 
is an isotopic entity showing one isochron over a large area, 
while B (1250 m.y.) reveals two parallel isochrons over an 
aeross-strike distance of 250 metres. Large volumes of 
1600 m.y. rock have uniform initial ratios both in single 
units (southern limb band and garnet granulite A^) and a 
series of neighbouring units (across-strike traverse).
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Variation in initial ratio occurs within both domains, but is 
more marked in the younger - 1600 m.y. = .703-,708; 1250
m.y. = .706-.713 and perhaps .737 . There is no obvious
relationship between geological structure and isotopic age 
distribution. In its broadest sense, the domain boundary 
crosscuts both F^ and F^ macroscopic structures. Within 
^ i ^ i ^ ^ 1 rock units a single isochron can be defined by 
samples from stations skirting the major fold closure (e.g. 
garnet granulite A^). The only possible structural effect 
noted is in the badly scattered 1600 m.y. isochron at banded 
granulite station 61, which is located within a complex 
fold closure. It is felt that there is no direct relationship 
between folding and isotopic disturbance.
4.3 Ewarara - Teizi Traverse
With the detailed study of M t . Aloysius as a guide, the 
regional traverses will now be described, beginning with 
similar rocks found to the east.
4.3.1 Locality Nine
Although separated from M t . Aloysius by sandplain (see 
Plate II) this exposure is petro1ogically identical to the 
banded granulite, being predominantly acid granulite 
(qtz+kf+pl+opx), but with at least one basic band (pl+opx+ 
cpx+horn+biot). Daniels (1967) regards this area as a 
contaminated zone of a Giles Complex intrusion, but this is 
clearly not the case. All rocks are definitely metamorphic 
and without intrusive or xenolithic structures. Geological 
scatter is apparent in the isochron, but the age, 1660 ±
LOCALITY 9
1660 ± 140 m.y.
•713 ± 012
•  1449
FIG 4.12
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140 m .y ., Ri = .713 ± .012 (model two, MSWD = 14.7) is
clearly registered (table 4-6, figure 4.12) . No geological 
reason can be given for the high uncertainty. This, coupled 
with petrology, shows a marked similarity to station 61 on 
M t . Aloysius. The locality delimits the easternmost extent 
of the M t . Aloysius granulites.
Passing over the unusual Wingellina exposures, the region 
between Ewarara and Teizi is composed of similar rock types 
to those previously described.
4.3.2 Ewarara - Locality 13
Analytical and petrological details for three stations 
are given in table 4-5. Rocks at the first are prominently 
layered with horizons of subacidic, basic and sillimanite 
granulites five to ten metres thick. The second outcrop 
is massive and composed only of subacidic granulite, identical 
to that at station one, while the third also massive, is of 
variable acidic lithology.
At first sight the isotopic data (figure 4.13) appear to 
be scattered beyond redemption, but they can be described by 
a family of parallel isochrons for comparable rock types.
Two sillimanite granulite specimens taken from a single 
outcrop legitimately form one isochron - 1270 ± 160 m.y.,
Ri = .727 ± .004 . A second isochron comprises two rocks
from station three which have distinctive mineralogy 
(qtz+kf+ga) and texture - 1050 ± 140 m.y., Ri = .721 ± .002 .
A third sample (69-1265) is a petrological, (qtz+kf+pl+opx+opq) 
and thus isotopic, individual. Although specimens on a
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third isochron come from stations three kilometres distant, 
they are marked by a unique garnet coronal texture (see 
section 3.4.1) which justifies the group age of 1218 ± 29
m.y., Ri = .7096 ± .0006 (model one, MSWD = 5.5). The
result rests heavily on the enriched sample from station two, 
the others of low Rb/Sr ratio being closely grouped. Of the 
three isochrons it is the most reliable, with five data points 
and some dispersion in Rb/Sr ratio, and is given added 
credence by the similar age for the sillimanite granulites.
A basic granulite (69-1261) from station one with an Rp of 
.7048 has an initial ratio at 1220 m.y. of .7045 . Rather
than pool the isochrons, as two have high uncertainties, the 
age is taken as that of the third isochron with the others 
as supporting evidence. The area is notable in having at 
least four initial ratios, ranging from .704 to .727 .
The best instance is station one with adjacent bands of basic 
(.7045), subacid (.7096 ± .0006) and sillimanite (.727 ± .004)
granulites. The isotopic systems inferred are quite small 
(five to ten metres in diameter), an apparent contradiction 
of the unity of subacid granulites from stations one and two.
4.3.3 Minno - Locality Seven
Just south of the Hinckley Fault, between the Kalka and 
North Mt. Davies Intrusions, is a small outcrop of a very 
uniform augen gneiss. Thomson (1964) considers it to be an 
hypersthene adamellite intrusive, Goode (1970) concurring 
and noting deformation and probable transgression by the
North Mt. Davies Intrusion. The specimens studied contain 
biotite rather than orthopyroxene, have a great preponderance
of alkali feldspar, and have metamorphic textures. Thus if
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igneous terminology is to be used, biotite granite is more 
appropriate, but augen gneiss is more accurate. It is 
considered here to be a metamorphosed granitic igneous rock 
emplaced during the major granulite facies metamorphism, 
because of its uniformity, its low K/Rb ratio, and high U 
(relative to the granulites - see section 9.2.4) and Th 
content (70-203: K/Rb = 138, U = 2.4 ppm, Th = 106 ppm,
Th/U = 44). The analytical data for five total rock 
specimens (table 4-6, figure 4.14) indicate an age of 1252 ±
29 m .y ., Ri = .709 ± .004 (model one, MSWD = 3.8). The
geological implications of this result are dependent on the 
equivalence of isotopic age and the time of intrusion, a 
problem discussed in later sections. If the gneiss is a 
synmetamorphic intrusive (i.e. intruded during the main 
metamorphic phase) this age must also approximate the climax 
of metamorphism. Intruded by the Giles Complex, the gneiss
places an upper limit on its age. Similarly, F is younger 
than 1252 ± 29 m.y..
4.3.4 Paldju - Locality 16
A break of 18 kilometres in the traverse between Ewarara 
and Paldju is due to the unsuitability of material from two 
intervening localities. The specimens come from two 
horizons situated 100 metres apart across strike, the stations 
themselves being displaced 300 metres along strike. The 
charnockitic acid granulite lithology (qtz+kfiopxicpx) is 
identical at both. Isotopically a great difference exists 
as the data (table 4-6,figure 4.15) are described by two 
parallel isochrons with little dispersion in Rb/Sr ratio.
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TABLE 4-6
Analytical Data - Localities 7 , 9, 16 and 17
S amp 1e Station Rb ppm S r ppm 8 7 .86Rb/ Sr 87 86Sr/ Sr
Locality 7 - Minno
70-203 265.7 113 . 3 6.852 . 8306
204 377 .2 113.1 9.788 . 8791
206 361.0 125.7 8.416 . 8554
207 222.4 34.3 19.356 1.0498
208 237 .2 38.1 18.560 1.0363
Locality 9
69-1448 1 235.3 87.8 7.877 . 8919
1449 1 203.4 100.2 5.944 .8519
1450 1 199.5 89.8 6.510 .8639
1451 1 249.1 51.8 14.357 1.0550
1452 2 191.8 138.1 4.048 . 8085
Locality 16 - Paidj u
69-1403 1 150.5 94.3 4.655 .8113
1404 1 146.0 91.5 4.655 .8130
1405 1 143.8 111.1 3.773 .7995
1406 2 201.1 232.0 2.514 . 7498
1407 2 213.1 226.7 2.727 . 7537
1408 2 211.0 220.3 2.777 . 7531
Lo c al i ty 17
69-1413 1 170.6 109.0 4.562 .8064
1414 1 164.8 75.8 6.369 . 8557
1415 1 162.4 13.6 37.602 1.6625
1416 1 194.5 83.1 6.860 . 8658
1417 2 92.7 191.4 1.404 . 7452
1418 2 50.2 359.2 0.404 . 7158
2 85.4 342.7 0.721 .72691419
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The ages are identical within the uncertainty limits at 1031 
± 77 and 1050 ± 240 m.y.. The initial ratios are greatly
different at .745 ± .005 and .713 ± .009 respectively, a
striking example of isotopic inhomogeneity in closely related 
metamorphic rocks. If taken as one system the initial ratio 
(.69) is nonsensical.
4.3.5 West Teizi - Locality 17
Acid granulites from two stations have very similar 
mineralogy (dominated by quartz and mesoperthitic alkali 
feldspar), but different texture (station one is granoblastic, 
station two tends to be mylonitic) and different Rb/Sr ratios. 
The analytical results are badly scattered on an isochron 
diagram. In particular, one specimen (69-1415) is incom­
patible with the others because of its age at Ri = .7050 of
1808 ± 22 m.y. (table 4-6, figure 4.16) . Regression of the 
remaining points yields an imprecise 1610 ± 130 m.y. age with 
Ri = .709 ± .008 (model three, MSWD = 114). The MSWD is
so high that the line can hardly be called an isochron, but 
it does give an age comparable to others in the area. A 
pronounced geological effect without petrological manifest­
ation must be suspected as there is no correlation between 
scatter and location or degree of mylonitisation. No
reason can be given for the 69-1415 anomaly which may be 
linked possibly to its low Sr content.
4.3.6 Teizi - Localities 5 and 18
The geological sketch map (figure 4.17) depicts the 
sample locations within this area. The well-layered
66
granulites are strictly bimodal in composition, with acidic 
types (qtz + kf±p1±opx±ga) predominating over basic (pl+cpx+ga)
- see also section 3.4.1. A prominent fold closure (F ?) 
characterises one station (18-1) which provides a basic rock 
and acid granulites from its two flanking horizons. The 
other stations (5-1, 2, 3) occur in the steeply dipping limb
of an F 2 fold centred on the Teizi Anorthosite.
The data (table 4-7) are plotted on figure 4.18 in 
terms of rock type and location. The petrologica1ly uniform 
qtz+kf±opx±cpx granulites define two isochrons according to 
locality, that for 18 having the higher initial ratio - 
locality 5 : 1595 ± 39 m.y., Ri = .712 ± .003 (model
three, MSWD = 6.3).
locality 18 : 1618 ± 46 m.y., Ri = .726 ± .011 (model
three, MSWD = 19.9).
In contrast, qtz+kf+pl+ga rocks conform to the isochron of 
lower initial ratio independent of locality, with a group 
age of 1484 ± 48 m.y., Ri = .7151 ± .0008 (model one,
MSWD = 14.0). This figure must be treated with caution
because the variation in initial ratio manifested by the 
plagioclase-deficient rocks may be present on a smaller scale. 
If included in the group with a low initial ratio the overall 
result is 1566 ± 36 m.y., Ri = .7135 ± .0018 (model four,
MSWD = 18.2).
The initial ratios for basic granulites from the two 
localities are similar, but markedly different to those for 
the acid granulites and also the nearby anorthosite (.7050 - 
see chapter 12). The total rock measurement for GA 2768 
corrects to an initial ratio at 1600 m.y. of .7029 . The
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other (.7032), from a weathered rock, is a present day 
measurement of a plagioclase.
The Teizi area is characterised by uniformity of age, 
but great variation in initial ratio. Qtz+kf rocks have 
different initial ratios at the two localities investigated, 
while qtz+kf+pl+ga types interlayered with them have the same 
low value regardless of locality. Basic granulites are 
mineralogically and isotopically uniform.
We have reached the eastern terminus of this traverse, 
which to this stage has been entirely within intermediate- 
pressure granulites. The missing section in the Wingellina 
area, which is petrologically different and geologically 
enigmatic, will now be examined.
4.4 Wingellina - Localities 10 and 11
A succession of structurally homogeneous basic and acid 
gneisses occurs as east-west striking ridges in the vicinity 
of Wingellina (see Plate II). The outcrop area is delimited 
by the Hinckley Fault and Hinckley Intrusion in the south, 
granulites at locality nine in the west and sandplain in the 
north. Macroscopic layering is well developed (mesoscopic 
is absent) as a repetition of acidic and basic bands. The
former are more voluminous in the north, but the basic 
component increases to the exclusion of the other as the 
Hinckley Fault is approached (Smith, 1970) . The felsic 
gneiss is composed of qtz+kf±pl±horn±cpx and has a granoblastic 
texture. The basic lithology has a mineral assemblage of 
pl + opx + cpx±kf±biot , a granoblastic, equigranular, polygonal
68
texture and is often fine grained. Occasional plagioclases 
have a crude lath shape with simple twins, a form that is 
only developed in igneous rocks (Vance, 1961). It is 
concluded that the basic granulites are recrysta11ised, 
doleritic, igneous rocks. An apparent difference in 
metamorphic grade exists between the two lithologies, the 
acid gneisses displaying the hornblende and sphene of the 
amphibolite facies, the metabasites a granulite facies 
as s embläge.
The rocks, although metamorphic, are distinctive, having 
relic primary textures and puzzling field relations which 
have been variously interpreted as of igneous origin.
Daniels (1967) proposes large scale assimilation of acid 
granulite country rock by the Giles Complex magma to explain 
the association. Smith (1970) regards the layered sequence 
as metamorphosed basic sills and sediments which have been 
locally invaded by an hypersthene adamellite magma, this last 
to explain some agmatitic structures. Neither is satisfying. 
The first cannot explain the perfection of layering which is 
unlike the jumble of a contamination zone, and the rare 
intrusive structures indicate acidic invading basic. The 
second is geologically more plausible, although preservation 
of primary igneous textures through a granulite facies 
metamorphism is unlikely and must be restricted to this area.
The samples of acid gneiss come from three sites on an 
across-strike traverse and two sites situated eight kilometres 
apart along strike (see Plate II). Each station is 
isotopically distinct with comparable age, but different 
initial ratio (tables 4-8, 4-9, figure 4.19) . Because of
69
the restricted range in Rb/Sr ratio neither parameter is 
precisely fixed. Regression of all data is not legitimate 
because of definite differences in initial ratio. If 
individual site results are pooled the mean age is 1075 ±
61 m .y ..
Alternatively it can be postulated that two initial 
ratios are represented, the two isochrons regressed and then 
pooled to give an age of 1078 ± 9 m.y.. The straight line 
fit is to within experimental error in each case and the data 
are therefore consistent with this interpretation. The 
isochron of high initial ratio has a large uncertainty in 
this parameter as there are no data points of low Rb/Sr 
ratio. However the difference between the low and high 
initial ratios (.010) can be determined in the vicinity of 
the data points. The high value can then be more accurately 
estimated from the lower as .718 . The regressed figure is 
in error through a slight, but significant convergence of 
the isochrons resulting from the uncertain gradient for the 
isochron of high R i . It is assumed that the isochrons are 
in fact parallel. The area shows isotopic inhomogeneity 
in that two stations of high initial ratio are separated 
along the traverse by rocks with low values.
The basic granulites have low Rp values and provide no 
geochronological information. Calculated initial ratios 
at 1080 m.y., the age of the acid gneisses, equal .7060 and 
are distinct from those of the gneisses. If included in 
the above regressions, uncertainties are much reduced, but 
this procedure is considered to be invalid - see section 8.3.
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TABLE 4-8
Analytical Data - Localities 10 and 11 (Wingellina)
Sample Station Rb ppm S r ppm 8 7 .86Rb/ Sr 87^ ,86nSr/ Sr
Locality 10
69-1447 2 28.0 228.4 0.354 .7110
70-163 2 292.7 39.6 22.074 1.0506
164 2 334.1 47.1 21.128 1.0342
69-1266 3 314.5 27.0 35.442 1.2443
1267 3 326.4 26.4 37.635 1.2755
1269 3 290.5 28.9 30.281 1.1642
1270 3 309.2 26.2 35.878 1 . 2505
1271 3 23.2 244.9 0.274 .7105
1420 4 271.7 20.9 39.794 1.3183
1422 4 272.8 20.5 40.734 1.3326
1423 4 239.7 27.5 26.201 1.1142
1424 4 270.9 24.9 33.043 1.2177
1425 4 298.5 22.6 40.470 1.3285
Lo c ality 11
69-1293 1 135.7 69.4 5.691 .7945
1294 1 140.4 63.3 6.469 .8056
1296 1 149.5 60.9 7.171 . 8175
1297 1 154.1 63.0 7.131 .8153
1445 1 22.1 239.5 0.266 . 7096
TABLE 4-9
Total Rock Age Determinations - Wingellina
Regressions for individual stations
11 - 1 1075 ± 138 m.y., Ri = .709 ± . 013
10 - 2 1080 ? (two points only)
10 - 3 1090 ± 153 m.y., Ri = .702 + .073
10 - 4 1072 ± 47 m.y., Ri = .721 ± . 023
Regressions for initial ratio groups
Low Ri 1077 ± 9 m.y., Ri = . 7084 + . 0012
High Ri 1083 ± 22 m.y., Ri = . 715 + . 009
Pooled ages
(a) Individual stations
1075 ± 61 m.y.
(b) Initial ratio groups
1078 ± 9 m.y.
(a 1.1 isochrons are model one regressions)
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The genesis of these rocks is further examined in 
section 11.5.
4.5 The Michael Hills Region
The traverse just completed is flanked in the south by 
the geochronologically distinct Michael Hills Region along 
the line of the Hinckley Fault. The geology (see also 
sections 2.3.1 and 2.3.5) is dominated by a considerable 
section of igneous and metamorphic rocks. The transition 
from higher to lower levels is accompanied by a change in 
metamorphic grade from granulite to amphibolite facies. The 
sample locations (see Plate II) are placed within each 
horizon (see table 4-10) so as to discover any relationship 
between isotopic age and depth of burial. The discussion 
begins with the granulite facies rocks which occur near the 
Hinckley Fault.
TABLE 4-10
Rock Unit Locality
Macdougall Bluff-granite gneiss 
Bell Rock Intrusion
Granite gneiss 26
Mt. West Intrusion
Acid granulite (slightly retrogressed) 27, 24?
Michael Hills Intrusion
Granulite (retrogressed) 25
4.5.1 South Mount Davies - Locality 20
Locality 20 cannot be placed unequivocally in the section 
and is above the upper contact of the South M t . Davies
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Intrusion. Petrologically the rocks are comparable to those 
of the Ewarara-Teizi traverse. The only difference is minor 
signs of retrogressive metamorphism (one thin section contains 
minor hornblende), here at its least development in the 
Michael Hills Region. Geological affinities are likewise, 
the area being that where Nesbitt et al. (1970) demonstrate
the overprinting of F;i by F2 folds. A single massive out­
crop 15 metres in diameter provides four, identical acid 
granulite (qtz+kf+pl+opx) specimens with a surprising range 
in Rb/Sr ratio for the small volume sampled (table 4-11, figure 
4.20). A model one isochron of 1412 ± 31 m .y ., Ri = .7042 ±
.0014 (MSWD = 2.0) results.
4.5.2 North Michael Hills - Locality 24
The isochron for this locality (figure 4.21, table 4-11) , 
1496 ± 25 m.y., Ri = .7039 ± .0006 (model one, MSWD = 3.5),
must be treated with caution. The majority of specimens, 
including all from station two, have a ^^Rb/^^Sr ratio of 
about one. The result thus hinges on the remaining two 
samples obeying the requirements of the isochron equation. 
There is no contrary petrological evidence and since fit to 
a straight line is to within experimental error, the 
determination is accepted. The lithology is drab and 
uniform, displays mesoscopic F^-type folds and is intruded 
by recrystallised type B dykes. Retrogressive metamorphism 
is shown by some rocks, the original qtz+kf+pl+opx assemblage 
being modified by the development of hornblende and biotite 
from orthopyroxene and opaques respectively. The new phases 
are still high grade, the amphibole having a brown, the 
biotite a mahogany colour - see section 3.4.5
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TABLE 4-11
Analytical Data - Localities 1, 20, 24 , 25 , 26 , 27
(Michael Hills Region)
S amp1e Station Rb ppm „ 8 7 _, . 8 6 ^Sr ppm Rb/ Sr 87oSr/ Sr
Locality 1 - Cohn Hill
GA 3524 234.3 39.4 17.771 1.0527
3526 230.6 43.5 15.751 1.0084
3540 204.2 82.0 7.292 . 8467
3541 171.4 154.3 3.227 .7715
3542 195.1 115.2 4.933 . 8028
3543 151.4 157.8 2.784 . 7625
3544 245.1 37.9 19.354 1.0815
Locality 20 - South Mt. Davies
69-1301 162.0 465.7 1.006 . 7242
1302 212.0 166.3 3.705 . 7776
1303 165.9 68.5 7.094 . 8458
1304 181.5 104.9 5.042 . 8033
Locality 24
69-1427 1 122.6 365.6 0.970 . 7244
1428 1 174.5 136.1 3.731 .7819
1429 1 159.5 444.2 1.039 . 7250
1430 1 164.9 131.5 3.647 .7812
1431 2 111.2 346.1 0.929 . 7235
1432 2 94.8 399.2 0.686 .7188
Locality 25
70-182 1 189.8 46.2 12.178 . 9906
183 1 312.2 24.0 40.421 1.4851
184 1 301.5 42.1 21.502 1.1232
185 2 218.2 224.9 2.815 . 7594
186 2 266.3 179.5 4.316 . 7833
187 2 292.8 137.8 6.203 .8173
188 2 311.9 109.4 8.351 . 8566
189 2 322.7 131.4 7.179 . 8379
TABLE 4-11 Cont
S amp1e Station Rb ppm S r ppm 87„, /86o Rb/ Sr 87o 86Sr/ Sr
Locality 26
69-1307 1 365.3 68.9 15.751 1.0028
1308 1 320.0 45.2 21.247 1.1159
1309 1 281.5 49.7 16.876 1.0402
1310 2 333.9 82.6 11.931 . 9339
1311 2 292.5 94.7 9.075 . 8822
1312 2 301.3 88.3 10.034 . 8988
1434 1 426.7 35.2 3 7 i 456 1.4244
1435 1 415.3 37.1 34.401 1.3691
1436 2 308.1 88.1 10.288 . 9054
Locality 27
70-190 1 132.9 301.2 1.276 . 7296
192 1 105.5 425.0 0.718 .7190
193 1 159.1 322.3 1.429 . 7323
194 2 111.3 396.4 0.812 . 7209
195 2 151.7 191.1 2.301 . 7493
196 2 124.9 334.4 1.081 . 7252
197 2 102.4 390.2 0.759 .7194
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4.5.3 Michael Hills - Mount West - Locality 27
A slab of unlayered homogeneous acid granulite (qtz + 
kf+pl+opx±cpx) separates the Michael Hills and Mt. West 
Intrusions. The rock shows variable, slight retrogressive 
metamorphism with orthopyroxene altering to biotite, and the 
beginnings of my1onitisation. Data for two stations 300
metres apart (table 4-11, figure 4.22) describe a 1365 ± 41 
m.y., Ri = .7050 ± .0007 isochron (model one, MSWD = 1.5).
4.5.4 South Michael Hills - Locality 25
Locality 25 is situated in retrogressed granulites 
structurally below the base of the Michael Hills Intrusion. 
Rocks at the first station are felsic gneisses of mylonitic 
fabric. Of the three specimens, two comply with a 1390 
m.y. isochron, while the third (70-182) is erratic - its 
only distinguishing feature is a mortar rather than mylonitic 
texture. If 70-182 is combined with 70-183, a two point 
isochron (see figure 4.23) of 1249 ± 32 m.y., Ri = .777 ±
.012 is produced. Alternatively, it can be mated with 
70-184 to give 1024 ± 84 m.y., Ri = .817 ± .028 .
The rock types at the other station also tend to be 
mylonitic and composed of finely granulated quartz and 
feldspars with green hornblende and sometimes relic orthopy­
roxene - retrogression is further advanced. The five spec­
imens give an age of 1271 ± 92 m.y., Ri = .708 ± .008 (model 
three, MSWD = 11.7) . When combined with station one data 
(excluding 70-182) this increases to 1389 ± 30 m.y., Ri =
.699 ± .006 (model three, MSWD = 37.9) coupled with an increas
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in MSWD which is not significant. Thus there are two 
possible ages recorded in these rocks. If all but 70-182 
are included, it is 1389 ± 30 m.y. in agreement with other
localities in the region. The internal station age (excl­
uding 70-184 purely on the grounds that the 70-182 - 70-184 
age of 1024 m.y. is unusual) is the weighted mean of 1249 ±
32 m.y. (station one) and 1271 ± 92 m.y. (station two) i.e.
1252 ± 14 m.y..
4.5.5 Mount West - Bell Rock Range - Locality 26
The section in the Michael Hills Region is completed at 
its highest level in an extremely uniform, blue-grey acid 
gneiss of amphibolite facies metamorphic grade. The mineral 
assemblage is qtz+kf+pl+horn (the amphibole is pleochroic 
in green rather than brown) with a mylonitic micro-texture. 
Uniformity, a hand specimen texture with alkali feldspar 
porphyroblasts in a mylonitic matrix, low K/Rb ratio (150) 
and high U (15 ppm) and Th (60 ppm) contents suggest a granitic 
origin with later overprinting deformation. Two stations 
(table 4-11, figure 4.24) combine to give a model three 
isochron of age 1369 ± 29 m.y. and Ri = .707 ± .008 (MSWD =
5.7) .
4.5.6 Cohn Hill - Locality One
A number of hillocks in the extreme west of the area 
studied form the westernmost outcrop of granulite facies 
rocks in the Musgrave Block. One of these, Cohn Hill, has
characteristics which ally it with the Michael Hills Region.
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These are, a 1400 m .y . age, a hydrous granulite facies 
mineral assemblage and location south of the extension of 
the Hinckley Fault along the Blackstone Range. The 
metamorphic petrology of these rocks is complex (see section 
3.4.2) . A sillimanite granulite has analogies with the 
primary and secondary characteristics of the Mt. Aloysius 
and Ewarara-Teizi Regions. The acid granulite samples are 
from a 100 metre square exposure some five kilometres from 
this occurrence and do not have a secondary mineral assem­
blage. The area is unique in its development of fine grained 
biotite and perfectly annealed quartz. The age is 1363 ± 14 
m.y. (model one, MSWD = 2.4) with an initial ratio of .7092 ± 
.0010 which is distinctly higher than any other in the Michael 
Hills Region (table 4-11, figure 4.25).
4.6 Summary
Table 4-12 is a compilation of Rb-Sr isochron results 
for the four regions investigated. The geological and 
geographical subdivision of the metamorphic rocks into Mt. 
Aloysius plus Ewarara-Teizi, Wingellina and Michael Hills 
segments is substantiated; these are characterised respec­
tively by 1600 and 1250 m.y. ages, 1100 m.y., and 1400 m.y. 
ages. The reasonably precise isochrons for each age grouping 
(those marked *) can be pooled to give four overall ages for 
the Tomkinson Ranges of 1608 ± 16 m.y., 1241 ± 14 m.y.,
1378 ± 8 m.y. and 1078 ± 9 m.y..
The pooled age for the Michael Hills Region is unique 
in that it can also be obtained by regression of data as a 
single isochron for all localities. The other three cases
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involve parallel isochrons with large variations in initial 
ratio. While Wingellina and Michael Hills are uniform in 
age, the other two regions are bimodal, with a non-random 
geographic distribution. The domain boundary effect on 
M t . Aloysius is repeated on a larger scale between localities
16 and 17 in the Ewarara-Teizi sector, with the indication
of a similar 'no man's land' in the highly uncertain locality
17 age. The four domains defined by specific ages and 
uncertain results near boundaries (as also at locality nine) 
are depicted in Plate II.
Whatever significance is placed on these data, two 
points emerge. The first is the importance of the Hinckley 
Fault as a major discontinuity separating domains. Secondly, 
no correlation is found between structure and isotopic 
parameters as demonstrated at Mt. Aloysius and further 
substantiated by,
(i) identical ages in fold limbs (probably F ) and 
closure at Teizi (5, 18).
(ii) uniformity of age in the 1400 m.y. domain,
regardless of degree of mylonitisation (which is 
pronounced at localities 25 and 26).
(iii) no relationship between gross depth of burial
(or grade of metamorphism) and recorded age along
the Michael Hills crustal section.
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TABLE 4-12
Total Rock Age Determinations - Tomkinson Ranges Compilation 
Locality Age (m.y.) Initial Ratio
1600 m.y. Results
M t . Aloysius (8 ) 1627 ± 24 (a) *
Locality (9) 1660 ± 140 .713 ± . 012 *
West Teizi (17) 1610 ± 130 . 709 ± . 008 *
Teizi ( 5) 1595 ± 39 . 712 ± .003 ★
Teizi (18) 1618 ± 46 .726 ± . Oil *
Pooled Age 1608 ± 16
1250 m.y. Results
M t . Aloysius ( 8) 1266 ± 36 (a ) *
Ewarara (13) 1218 ± 29 .7096 ± . 0006 *
Minno (7) 1252 ± 29 . 709 ± . 004 *
Paldju (16) 1033 ± 37 (a)
South Michael Hills (25) 1252 ± 14 (a) •k
Pooled Age 1241 ± 14
1400 m.y. Results
South Mt. Davies (20) 1412 ± 31 .7042 ± . 0014 *
North Michael Hills (24) 1496 ± 25 .7039 ± . 0006
Michael Hills - Mt. West 1365 ± 41 .7050 ± .0007 *
South Michael Hills (25) 1389 ± 30 .699 ± . 006 *
Locality ( 26) 1369 ± 29 . 707 ± . 008 *
Cohn Hill (1) 1363 ± 14 .7092 ± .0010 *
Pooled Age 1378 ± 8
1100 m.y. Results
Individual stations at
localities (10) and (11) 1075 ± 61 (a)
Pooled initial ratio
group s 1078 ± 9 (a)
* Included in present pooled age 
(a) Previously pooled result
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CHAPTER 5: LEAD ISOTOPIC STUDIES
5.1 Introduction
The Rb-Sr studies of the granulites at Mt. Aloysius 
reveal two isotopic ages of 1600 and 1250 m.y.. Lead 
isotopic analyses were undertaken to determine whether one 
or both of these ages was recorded by the U-Pb system.
The attraction of the method lies in the twin decay schemes 
which have the capacity to detect several stages of isotopic 
development. As a consequence it may be possible to 
decipher the pre-metamorphic history of a rock.
5.2 The Lead Isotopic System 
5.2.1 Theory
The isotopic composition of Pb has a radiogenic
238 235component derived by the radioactive decay of U, U and
9^9 9 Ofi 907 208Th to Pb, Pb and Pb respectively. The U-Pb
system is described in time (t) by the equations (after
Oversby and Gast, 1970) -
(206Pb/204Pb) = (206Pb/204Pb> + f y<t)eV * a tT O /  o
A t
(207Pb/2°4Pb) = (2°7Pb/204Pb) + 1/137.8 C y(t)e 5 A dtTo / D
x u A t
(208Pb/204Pb) = (208Pb/204Pb)To + C k (t)y (t)e 2 A2dt
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w h e r e ,
y = 2 3 8 .2 04U/ Pb at t = o
K = 2 32 ,2 3 8Th/ U at t = o
A (8) 1.54 x 10”10 y r ’1 - 2 38the decay constant of U
A (5) = 9.72 x 10-10 yr " 1 - I t 2 35" u
A (2) = . , -11 -1 4 . 9 9 x 1 0  yr - If 2 32" Th
To starting time for the evolution of terrestrial
137.8 = 238 235 . .U/ U at t = o .
n _ 207 ,204 206 204 _ .A plot of Pb/ Pb versus Pb/ Pb for varying t and
constant y defines a curve from the isotopic composition at
To. The locus of systems which evolve from a common isotopic
composition with different, but constant y , is a straight
line at fixed time t. This line, the primary isochron, has
a gradient,
X cTo A to 5e - e
A To A t8 8 e - e 137.8
- a description of single-stage Pb .
It is assumed that the terrestrial Pb isotopic system
originated at To = 4550 m.y. (the age of the earth after
Murthy and Paterson, 1962) with a primordial isotopic
composition equal to that of the troilite phase of iron
meteorites (i.e. 2<^ P b / ^ ^ P b  = 9.346 ± .009 , 2 ^ P b / 2 ^ P b  =
208 20410.218 ± .015 and Pb/ Pb = 28.963 ± .056 - Oversby,
1970). The evolution of this system is depicted in figure 
5.1. Samples with y values of eight, nine and ten originate 
at a common point for To and diverge with time. At 2000 
m.y. they lie on a primary isochron which passes through the 
primordial isotopic composition. The corresponding isochron
FIG 5.1
PRIMARY ISOCHRON 
2000 MY
geochron
FIG 5.2
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for t=0, the geochron, is the present day locus of single- 
stage Pb. Any isotopic composition has a unique Pb isochron 
age within this coordinate system - the single-stage model 
Pb age.
An analogous dispersion of isotopic compositions can 
develop from a single-stage, single-y system at any time t' 
after To by separation into several subsystems of different 
y. A secondary isochron for two-stage Pb is developed with 
gradient,
X 5t' X 5 t
e_____ - e . 1
A8t' X8t 137.8
e - e
At time t this line passes through all subsystem points and 
intersects the original growth curve at t' . Figure 5.2 
shows a two-stage process in which a single-stage Pb (y = 9.0) 
is fractionated at 2000 m.y. into three subsystems with y 
values of eight, nine and ten. At 1000 m.y. they lie on the 
secondary isochron which passes through the parental isotopic 
composition. Consequently those subsystems which have 
experienced a change in y no longer have a meaningful Pb 
isochron age. If y has increased, the model age is younger 
than the true age .
A multiplicity of stages is possible, but is difficult 
to interpret.
The Pb model age for a geological sample can be compared 
with the 'true' age derived from another dating method and 
the geochemical history of the system inferred. Systems 
evolving at the present day (t=0) are compared with the 
geochron. Any rock must be twp-stage in the sense of a
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pre and post formation history. If young, the second stage 
component is negligible and the geochron can act as a 
reference. Old rocks are best handled by comparison of 
initial Pb from a phase of low U/Pb ratio (alkali feldspar, 
galena) with the single-stage Pb for the time of formation.
This removes the potential complications introduced by a change 
in y on formation.
The most extensively discussed single-stage system is 
that of Pb from conformable ore bodies. Selected occurrences 
combine with the primordial isotopic composition to give a 
primary growth curve for the earth with y = 9.1 (e.g.
Stacey et a1 ., 1969). However Pb isochron ages may be
distinctly younger than the accepted age for an ore deposit.
The approach can be criticised on this account and for the 
subjectivity involved in selecting conformable ores. 
Nevertheless, most galenas and indeed most terrestrial 
samples, have isotopic compositions consistent with y 
values between 8.5 and 9.3.
Modern rocks often display large deviations from single- 
stage behaviour. Specifically, oceanic volcanics studied in 
the hope of typifying mantle Pb, have a range of model ages 
from +200 to -1600 m.y. (Oversby and Gast, 1970). Total 
rock Pb from both modern and Precambrian granites is 
similarly dispersed (Doe, 1967; Doe, 1970).
Initial Pb in old rocks is less well known. Zartman 
and Wasserburg (1969) in the most comprehensive study, 
conclude that model ages in 1000 m.y. igneous rocks are 
roughly 150 m.y. younger than ages determined by other methods. 
Doe (1967) shows the same effect over much of geological time.
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The reverse is claimed by Sinha (1970a) for 1800 m.y. rocks, 
but this interpretation depends on the primordial Pb 
composition adopted. These studies imply that model ages 
approximate to the 't r u e 'a g e , but may be expected to have 
uncertainties of up to 200 m.y. (or more in modern rocks) .
It is possible that discordancy is less in older samples 
where the shorter time of evolution reduces the possibility 
of multi-stage development.
5.2.2 Metamorphism
Metamorphism further complicates the picture with the 
possibility of change in the U/Pb ratio of a rock and the 
exchange of Pb between phases. Lead in alkali feldspar will 
invariably become more radiogenic on metamorphism if the 
system contains U. The model age of the feldspar will then 
be anomalously young relative to the original age of the rock 
Allowance for this effect requires the recognition of me ta­
morphism, which may not be obvious in a quartzo-fe1dspathic 
lithology, and determination of the time at which it occurred
Doe and Hart (1963) report partial exchange of Pb 
between alkali feldspar and total rock during contact meta­
morphism, at temperatures estimated by Hart e t a 1 . (1968)
to be 400-450°C. The feldspar Pb becomes more radiogenic 
near the intrusive contact while the Rb-Sr age is little 
affected (although disturbance is hard to detect because of 
a low Rb/Sr ratio) . Doe e t a l . (1965) report the effect
at kyanite grade metamorphism, with parallel Sr homogenis­
ation (Wetherill e t a l . , 1968) , as does Zartman (1965a) .
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From this limited evidence, and diffusion parameters des­
cribed in section 7.2.2 , it may be concluded that Pb and Sr
behave similarly in feldspars subject to the higher grades 
of metamorphism.
Granulite total rock systems are of great interest in 
view of the suggestion of Lambert and Heier (1967, 1968)
among others, that U is depleted during granulite facies 
metamorphism i.e. there is a marked decrease in y. If 
approximately single-stage until the time of metamorphism, 
such Pb will now define a secondary isochron; if U loss is 
complete, a pseudo-single-stage isotopic composition for that 
time results. Moorbath e t a1 . (1969) describe a secondary
isochron which is probably of this type, but have little 
supporting evidence to equate the age indicated with the time 
of metamorphism.
It can be concluded that a total rock and its alkali 
feldspar will become isotopically homogeneous during middle 
amphibolite facies grade metamorphism. The ability of the 
feldspar model age to describe this time depends on how 
closely a single-stage model system has been approached in 
the life stages of the rock. The age might be expected to 
be aberrant and young. If the rock becomes impoverished in 
U there is little further isotopic growth and the metamorphic 
Pb isotopic composition is retained. Otherwise the rock 
system continues to develop and can provide radiogenic Pb 
to the feldspar in later disturbances.
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5.3 Lead Isotopic Results
Following the identification of two distinct Rb-Sr 
age domains at Mt. Aloysius, Pb isotopic data have been 
sought to determine whether the U-Pb system detected one or 
both of these isotopic 'events'. The samples chosen are 
petrologically similar representatives of garnet granulites 
A 2 (1600 m.y.) and B (1250 m.y.) - see Plate III. The
chemistry of the rocks is discussed in detail in chapters 
three and nine and some analytical data are included in 
table 5-1. Isotopic analysis is by gas source mass 
spectrometry of Pbl^ samples, in which unspiked and double- 
spiked runs are combined to allow for machine fractionation - 
see Appendix I. Lead and uranium concentration measurements 
are by mass spectrometrie isotope dilution; thorium is 
determined by y-ray spectrometry. Total rocks and separated 
alkali feldspars have been analysed for Pb isotopic compositior 
and Pb and U concentrations (see table 5-1). The total rock 
data are the mean of duplicate unspiked and spiked dissol­
utions, while the feldspars are single analyses owing to 
lack of material. Replication of results for GA 2797 
total rock is poor, presumably due to sample inhomogeneity, 
and it has been excluded from consideration.
Because of the low U and high Pb contents there has 
been little change in isotope ratios in the present y 
regime (particularly in the case of the feldspars) . There­
fore the measured Pb composition approximates the initial.
It is possible to calculate first order model ages which are 
about 1200 m.y. within the coordinate system described above.
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The work of Zartman and Wasserburg (1969) suggests that this
approximates the true age ± 200 m . y . . As it is also very
close to a Rb-Sr age of 1250 m.y. (as yet uninterpreted) it
is plausible to correct back to this time for radiogenic
addition in the present y environment. This is in fact not
critical, as present y values are extremely low. The
isotope ratios corrected using the isochron equations are
shown in table 5-1 along with the derived model ages. The
mean U-Pb model age is 1205 m.y. in two age groups as seen 
207 204 206 204in the Pb/ Pb versus Pb/ Pb plot of figure 5.3;
the older and more frequent about 1230 m . y . , the younger at 
1165 m.y..
The most striking feature is the remarkable agreement 
between the Pb model and Rb-Sr ages, for which the only 
plausible explanation is registration of the same isotopic 
'event' by both systems. Secondly, only the younger Rb-Sr 
age is detected although the samples come from both domains. 
This demonstrates that the process responsible for imprinting 
an age affected both areas, but without response in the older 
Rb-Sr systems - this is further discussed in the next chapter. 
The agreement is sufficient justification to regard the 
observed Pb as derived in a single-stage model system between 
the generation of the earth and the time recorded. It is 
more probably a system in which y fluctuation has occurred, 
but been slight and about the inferred model y (in this case 
9.2, a reasonable value, often found in nature - see figure 
in Sinha, 1 970b). This model will be referred to as that 
of 'relatively unfractionated history' i.e. multi-stage, but
with minor y differences between stages. The younger model
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age for feldspar 69-1320 and rock 69-1255 may be a result of 
more definite two-stage growth and must be expected in 
natural systems. The discrepancy of 60 m.y. is not 
considered to invalidate the model and could perhaps relate 
to a young Rb-Sr age in some garnet granulites (section 
4.2.5) .
Differences between corrected rock and feldspar isotopic 
compositions are a further and perhaps related complication 
which is difficult to explain. The disagreement is however 
minor (the range in 2°7Pb/2°^Pb ratio is 0.5 per cent and 
the 2°kpb/2°^Pb ratio is constant) and only slightly exceeds 
experimental error. Rock Pb comprises that chemically 
bonded in mineral phases and a more loosely-held component 
along grain boundaries. The latter is likely to be 
radiogenic due to associated concentrations of U (Kleeman, 
1969). Intuitively, the mineral-rock discordance can be 
ascribed to the higher mobility of grain boundary Pb which 
enables exchange between rock systems. Mixing of this 
fraction produces eccentric isotopic compositions, but the 
limited amount involved means that the effect will be small.
Interpretation of the Th-Pb system is more complicated,
requiring knowledge of both U/Pb and Th/U ratios. Taking
the y value derived from the 2 ^  7Pb /2 ^ P b  - 2^ P b / 2<7^ Pb
2 0 8analysis (9.2) a Pb model age and k value can be derived.
The feldspars have model ages between 1100 and 1200 m.y. for 
k = 4.4. No correction for radiogenic addition between 
1200 m.y. and the present can be made, as Th analyses are 
unavailable - contents are assumed to be extremely low.
Some rocks contain significant amounts of Th and require
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corrections which have been made using y-ray spectrometric
determinations on different sample crushings. Two of the
rocks correct to virtually identical 1250 m.y.
isotopic ratios which are comparable to those of the
feldspars. Sample GA 2798 (y-ray = 22 ppm Th) has a
measured ratio near that of its feldspar and consequently
corrects to an unrealistically low value. This anomaly is
probably due to an analytical error. Recent addition of
Th to the sample or sample inhomogeneity are other possible
2 0 8explanations. The Pb model age for the other rocks
(see figure 5.4) is 1200 m.y. for k = 4.2, in good agreement
with the isochron age (GA 2798 gives 1200 m.y. for k = 4.4
if uncorrected data are u s e d ) . One feldspar (69-1320)
208 204has a Pb/ Pb ratio distinctly greater than the age-
corrected total rock (GA 2797 feldspar is similar, but the 
total rock data are inadequate). This is simply interpreted 
as an effect of metamorphic homogenisation, Th-derived Pb 
entering the feldspar from other Th-rich phases. If the 
isotopic composition of the feldspar is used as an initial 
ratio for the present day total rock, an age of 990 ± 60 
m.y. can be calculated^see chapter ten for the Rb-Sr analogy - 
the time at which Pb homogenisation ceased.
The Th-Pb system is thus consistent with the U-Pb 
results, but subject to difficulties derived from an added 
variable (Th/U ratio) and the possibility of metamorphic 
re-equilibration in rocks of high Th content.
The relatively unfractionated history model will now be 
tested against published data. It must be stressed that 
the numerical relation of radiometric ages by the Rb-Sr and
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model Pb methods depends greatly on the decay constant for
8 7 —11 — 1Rb (here taken as 1.39 x 10 yr ) and To, the age of
9the earth (here taken as 4.55 x 10 y r s ) . Both parameters
are subject to uncertainty, these values being in common
use. The model rests on reasonably good agreement between
Rb-Sr and Pb-Pb ages. If To is increased, a change in
A (R b ) to the alternative value 1.47 x 10 ^^ yr  ^ will
effect coincidence. If To is decreased, there is no
possible compensation and model ages become too old. Both
parameters are probably reliable - the Pb isochron age for
9meteorites is between 4.55 and 4.60 x 10 yrs (Murthy and
Paterson, 1962; Oversby, 1971) and there is some independent
8 7evidence in support of the Rb decay constant (see Appendix 
I) .
The best documented case is that of galena Pb, selected
207examples of which are taken to define a single-stage Pb/
204 206 204Pb - Pb/ Pb growth curve (e.g. Stacey e t a l . , 1969) .
The Pb model age for many of these conformable ore bodies 
may or may not be closely comparable to the actual age 
derived by other dating methods. Syngenetic deposits 
should show agreement with wall rock age, but problems arise 
if the ore body is metamorphosed or epigenetic as dating by 
methods other than common Pb is often difficult. Any 
discrepancy may be attributed to these complications. A 
unique growth curve is however geologically unreal, as can 
be shown by present data (e.g. Sinha, 1970b) which are better 
described by a curved fan radiating from primordial Pb 
values. Such samples may still be single-stage or relatively 
unfractionated, but with different y values dependent on the 
geological situation.
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Table 5-2 displays selected data for feldspars from 
igneous rocks normalised to the Catanzaro (1968) absolute 
values for the CIT shelf Pb standard, and a comparison of
model and other method ages; figure 5.5 is the corresponding
207 204 , 206 204Pb/ Pb versus Pb/ Pb plot. The examples are,
(i) three of four alkali feldspars from M a nitouwadge,
Canada (Tilton and Steiger, 1969).
(ii) data from Sinha (1970a) restricted to samples which
are directly dated by the Rb-Sr method -
Churchill Province, Canada.
(iii) the Pikes Peak Batholith after Doe (1967) and
Zartman and Wasserburg (1969)
Other likely cases are Llano, Texas Zartman (1965a). which 
will be discussed later, and those in Catanzaro and Gast
(1960) which are difficult to relate to present experimental 
data.
It is concluded that the good agreement between model 
Pb and other method ages, particularly for rocks older than 
1000 m.y., supports a postulate of single-stage or relatively 
unfractionated development with y constant in time, but of 
different magnitude in related rock systems. The model Pb 
age thus provides a reliable estimate for the time of 
emplacement of the above rocks. It is this ability to
register the age of geological events that is also postulated 
for the granulites.
Nevertheless anomalous Pb does complicate the picture. 
Zartman and Wasserburg (1969) conclude that apart from unusuall 
old cases, most model ages at 1000 m.y. are 150 m.y. younger 
than actual ages. The former may be partly explained by
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special geological effects as in the case of granites at 
Mellen, Wisconsin and Gold Butte, Nevada which are probably 
anatectic derivatives from an atypical source. The remaining 
data (mainly from the Grenville Province, North America) are 
interpreted in a metamorphic sense in chapter 16 and are 
often consistent with the relatively unfractionated history 
model. Young granites and basalts (Doe, 1967; Oversby 
and Gast, 1970) may indicate very complicated histories. It 
remains to reconcile the clearly concordant cases detailed 
here with the anomalous suites.
The means by which the Pb isochron age has been preserved 
m  the granulites merits discussion. The feldspars retain 
initial Pb because of their low U/Pb ratio. The rocks are 
only slightly more radiogenic than the feldspars and have 
low y values. Because they show normal evolution with y- 
9.2 until 1230 m.y., the indication of this age requires a 
pronounced loss of U at that time. The low rock y in turn 
allows preservation of the feldspar initial composition, as 
there is little radiogenic Pb available for exchange during 
any hypothetical metamorphism later than 1230 m . y . . Restor­
ation of the present y values to 9.2 allows estimation of the 
U lost: about six ppm, with depletion factors between 9 and
40. Moorbath et al . (1969 ) use U depletion following single-
stage development to explain a secondary isochron for Lewisian 
granulites. An isochron rather than a single Pb isotopic 
composition results, as the U/Pb ratios remain relatively 
high after depletion because of the low Pb content of the 
rocks. If u loss is rapid and almost complete, the age 
recorded can be well defined and analogous to those in rapid
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closure Rb-Sr systems. The apparent paradox of relating 
data for metamorphic rocks to those for high level granites 
is thus resolved.
The Th system by contrast has behaved erratically.
Some rocks (69-1255) have very low Th contents and preserve 
208 2041200 m.y. Pb/ Pb ratios. Others (69-1320) have
continued to evolve to the present day. Thus there has not 
been a profound common loss of Th , but perhaps a redistribution 
among neighbouring rock systems.
The purpose of the discussion of Pb isotopic data to 
this stage is to establish the model age as a reliable time 
indication. Further consideration in chapters 6 and 16 
relates this evidence to metamorphism, further developing the 
relatively unfractionated history model.
CHAPTER SIX: GRANU LITE ISOTOPIC INTERPRETATION
6.1 Introduction
The Sr and Pb isotopic data presented in the preceding 
chapters are the base from which the aims of this thesis may 
be achieved. The following salient points require explan­
ation.
(a) The high precision of Rb-Sr isochron age determinations 
for some of these metamorphic rocks implies sharp 
closure in time of the isotopic system.
(b) The distribution of isochron and initial ratio types
(section 4.2.7) appears to be systematic. Isochrons 
indicating 1600 m.y. have a large dispersion in Rb/Sr 
ratio and moderate variation in R i ; 1250 m.y. isochrons
have a small dispersion in Rb/Sr ratio and a wider range 
in Ri; 1400 m.y. isochrons have a large dispersion in 
Rb/Sr ratio and a single low R i .
(c) Rb-Sr ages may be described by geographic domains 
corresponding to the geological subdivisions proposed 
(section 2.3.1).
They are,
Mt. Aloysius and Ewarara-Teizi Regions, characterised 
by two domains of 1600 and 1250 m.y.;
Michael Hills Region - 1400 m.y.;
Wingellina Region - 1080 m.y..
sThe repetition of these numbers over wide areas implied 
an origin in basic geological phenomena.
(d) Feldspar and biotite ages are between 1000 and 700 m.y. 
(chapter t e n ) . They are invariably discordant to and 
younger than their total rock isochrons. The younger
events indicated are secondary in importance to an 
understanding of the geochronology of granulites and are 
discussed in chapter ten.
The first age grouping provides the most information 
on isotopic behaviour during metamorphism and will now be 
discussed with Mt . Aloysius as a model. The second is 
considered in the light of this study and the third is 
identified in chapter eleven.
6.2 1600 - 1250 m.y. Domains at Mount Aloysius
6.2.1 The Strontium Homogenisation Model
M t . Aloysius is unique in being crossed by the 1600- 
1250 m.y. domain boundary. A geological entity is thus 
divisible into two sectors marked by these ages and separated 
by a transitional zone. Because the boundary is independent 
of geology and the domains are parts of a geological whole, 
the age differences cannot be due to addition of new material 
at 1250 m.y. to a pre-existing 1600 m.y. terrain.
The younger age is characterised by a series of parallel 
isochrons, one per sampling site, with small dispersion in 
Rb/Sr ratio and variable initial ratio. In contrast the 1600 
m.y. isochrons describe the isotopic nature of entire rock 
units and have a restricted range in initial ratio. This 
association can be interpreted as due to Sr homogenisation of 
1600 m.y. rocks at 1250 m.y.. As described in chapter one, 
exchange of Sr between isotopic systems results in uniformity 
of Sr isotopic composition while preserving differences in 
Rb/Sr ratio. A zero gradient isochron develops with an
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initial ratio proportional to the weighted mean Rb/Sr ratio 
of the exchange system, thus allowing a record of this time.
If this mean system Rb/Sr ratio varies geographically, then 
parallel isochrons form. If originally arrayed on an isochron 
the new systems may adopt an en echelon pattern along its 
trend.
The 1250 m.y. isochrons at Mt. Aloysius are an excellent 
example of such a distribution (see figure 4.11) . The 
clearest demonstration is that for two across-strike stations 
(44 , 45 ) in garnet granulite B (section 4.2.5) . Although
only 250 metres apart and petrologically similar, they reveal 
distinct parallel isochrons with initial ratios proportional 
to the mean Rb/Sr ratio of the site. Such internal updating 
limits the scale of homogenisation to less than 250 metres, 
and more probably outcrop dimensions (10 metre radius).
The unit may be thought of as comprising numerous, small 
isotopic cells, each of which approached initial isotopic 
homogeneity. The station 54 isochron (section 4.2.4 (c))
reinforces this view revealing a further cell in the nearby 
banded granulite 600 metres from station 45. Several other 
examples can be cited from the updated parts of the banded 
granulite. Strontium homogenisation is most readily detected 
along the interface between chemically distinct systems, 
where a small degree of mixing causes a large deviation from 
normal isotopic ratios. This is verified by data for the 
banded specimen (section 4.2.4(f)). It clearly records the 
updating event because of its susceptibility to exchange, 
even though collected in the 1600 m.y. domain where such 
effects are not otherwise noticeable. This record of 1250
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m.y. in the older domain is geochronological evidence for the 
geological integrity of Mt. Aloysius. Cases of badly 
scattered isochron plots (high MSWD) found in the 'no man's 
land' are due to incomplete homogenisation and are not 
unlikely along the domain boundary where updating is just 
becoming significant. Isotopic equilibrium is not attained.
The model can be further tested by plotting time versus 
8 7 8 6corresponding Sr/ Sr ratio for the homogenised systems
(figure 6.1). The evolution of Sr isotopic composition can
then be traced in time. The paths for an igneous total rock
and its mineral phases begin at a common point for the time
of generation and diverge to the present. The gradient of
these lines depends on the Rb/Sr ratio. Conversely, if Sr
isotopic and Rb/Sr ratios are known at a particular time,
projection back in time is possible. If several related
systems are plotted they will converge to a common point.
Alternatively, the limit is provided by the presumed
isotopic composition of the mantle (see chapter eight for
the rationale) - a maximum possible age is obtained. This
technique can be used for the 1250 m.y. rocks which appear to
constitute distinct isotopic systems. The data for initial 
8 7 8 6ratio and mean Rb/ Sr ratio at 1250 m.y. are taken from 
chapter four. The restricted range of Rb/Sr ratio is ideal 
for this purpose, but has the disadvantage of causing high 
uncertainty in initial ratio. The derived growth lines 
mutually intersect at a time of 1600-1700 m.y.. Thus the 
younger group of granulites are consistent with derivation
from a 1650 m.y. parent material as found in the older domain.
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The evidence is thus in excellent agreement with the 
predictions of the isotopic homogenisation model. It is 
concluded that this process acted upon the 1600 m.y. 
granulites causing outcrop scale isotopic mixing at 1250 
m.y..
6.2.2 Lead Isotopic Evidence
The conclusions of chapter five are
(a) that the Pb model age has meaningful time significance;
(b) that the system is best described as of "relatively 
unfractionated history"; and
(c) that closure results from marked loss of U.
As closure took place contemporaneously with Sr homogenis­
ation, a similar process may have affected Pb isotopic compos­
itions. It is possible that such mixing of Pb from numerous 
systems could produce an average commensurate with the 
unfractionated history model. In view of the restricted 
scale of Sr movement this is unlikely, particularly as 
isotopic uniformity throughout Mt. Aloysius implies transport 
over kilometre distances. It is more probable that most 
samples have obeyed the requirements of the model and 
uniformity is derived from a constant y history. The two 
possibilities are extremely difficult to distinguish where 
variations in isotopic composition are small.
The important features are that,
(i) both Sr and Pb systems record a disturbance at 1250
m.y..
(ii) the two systems responded differently to the
stimulus, Rb-Sr by Sr isotopic exchange, U-Pb by
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loss of U .
(iii) the U-Pb system reacted in the 1600 m.y. domain 
where the Rb-Sr system was unaffected. It thus 
has a lower threshold of response presumably 
because of the different processes involved. It 
also shows that the stimulus did affect the entire 
area.
(iv) the U-Pb system did not detect a 1600 m.y. event.
6.2.3 The Connection between the 1250 m.y. Age and
Metamorphism
A clearcut case for Sr homogenisation at 1250 m.y. has 
been presented. It is conventional to ascribe this to 
metamorphism, isotopic mixing to associated high temperature 
and the age to be that of metamorphism. This is often 
assumed where the sole evidence for metamorphic homogenisation 
is a single, well-defined isochron. The following points 
support such a correlation at Mt . Aloysius.
(a) The Sr transport process is probably diffusional in 
nature and likely to be thermally activated. It will 
therefore respond to the heat input of metamorphism.
The feasibility of solid diffusion as a mechanism is 
examined in the next chapter.
(b) One possible interpretation of the metamorphic petrology 
is a higher temperature in the M t . Aloysius region 
relative to Teizi where ages are exclusively 1600 m.y..
A tentative correlation can be made between updating 
from 1600 m.y. to 1250 m.y. and higher metamorphic
temperatures.
98
(c) Furthermore, thermal activity at 1250 m.y. is evidenced
by the Minno 'granite' (now augen gneiss) dated at 1252 
± 29 m.y. (locality seven, section 4.3.3 - not exposed
at Mt. Aloysius) and simply interpreted as of anatectic 
derivation during the metamorphic episode. The mo der­
ately high initial ratio (.709 ± .004) is consistent
with this view. Retention of the intrusive age through 
metamorphism and later recrystal1isation is possible as 
discussed in section 11.5.
(d) The loss of U which terminated growth in the Pb isotopic 
system is almost certainly a metamorphic phenomenon.
A number of investigations (e.g. Lambert and Heier,
1967, 1968) reported in detail in chapter nine suggest
this, and total rock U analyses confirm depletion in 
the s e rocks.
6.2.4 Summary
A 1250 m.y. event is shown by both Rb-Sr and U-Pb 
isotopic systems. Small-scale isotopic homogenisation can 
be demonstrated in the former while the latter evidences 
concomitant and almost total loss of U. A reasonable 
correlation between updating and metamorphism can be made.
The actual physical relationship between metamorphism 
and the closure of an isotopic system is difficult to evaluate. 
The age recorded refers to that time when homogenisation 
ceases. As metamorphism stimulates homogenisation the age 
may then be that when metamorphism ceases. The question is 
discussed further in the next chapter.
There have been few other reported instances of Sr
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movement between total rock systems during metamorphism. 
Lanphere et a1 . (1964) and Wasserburg et a 1 . (1964) describe
the introduction of radiogenic Sr into basic dykes over 
distances of perhaps five metres at middle amphibolite facies 
grade. Homogenisation between adjacent bands of contrasting 
composition is described by Pidgeon and Compston (1965 ) , 
parallel two-point isochrons being formed at upper amphibolite 
facies grade. The rock sectioning techniques of Krogh and 
Davis (1969, 1971) reveal a similar effect in gneissic rocks
restricted to distances of centimetres. The Mt. Aloysius 
analogy is the banded specimen described in sections 
4.2.4(f) and 6.2.1. Two other cases of possible parallel 
isochrons of this type occur in the literature (Pidgeon, 1967; 
Papon et a l . , 1968) , but the samples come from scattered
localities and initial ratio differences may be pre-metamorphic 
(see b e l o w ) . The present study provides the first definite 
example of isotopic homogenisation over outcrop-size 
(station- size) rock volumes. There is no evidence for an 
effect of regional dimensions. Such a postulate is p r e ­
cluded by the continued existence of the older domain and the 
variety of initial ratios in both age groups - all should 
have been reduced to a single isochron.
6.2.5 1600 m.y. Domain
It is shown above that granulites can record the time 
of metamorphism through the isotopic homogenisation of Sr 
in total rock samples. Is a comparable, earlier event 
responsible for the 1600 m.y. domain? Isochrons of this 
age span relatively large ranges of Rb/Sr ratio and character­
ise large areas of, or entire rock units. Three such
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for Mt. Aloysius are,
Garnet Granulite A^ 1655 ± 44 m.y., Ri = .7045 ± .0004
Banded Granulite Traverse 1611 ± 67 .7087 ± .0006
Southern Limb Band 1606 ± 46 .7033 ± .0010
The range in initial ratio is relatively small, two in addition 
having low values. Contrast with the geographical restric­
tion and variable initial ratios of the 1250 m.y. isochrons 
is marke d .
Isotopic homogeneity may arise by metamorphic or supra- 
crustal processes (see chapter one) . The choice between 
these possibilities is more difficult in this case. If the 
ages are due to metamorphism of older rocks then large scale 
(several kilometres) Sr movement is required to produce 
uniformity of isotopic composition throughout rock units. 
Furthermore, transport must parallel strike to remain within 
units, as these have characteristic initial ratios. Garnet 
granulite A^ is separated from the comparable southern limb 
band (initial ratios .7045 and .7033) by an horizon of high 
initial ratio (.7087) within the banded granulite. Moreover 
broad scale homogenisation of acid granulites within the 
banded granulite should result in similar initial ratios in 
the interlayered basic granulites. Of four basic bands 
investigated at Mt. Aloysius (stations 83, 85) and Teizi,
only one is in equilibrium with its felsic neighbours. This 
specimen (69-1442) contains biotite as a major phase and 
requires a special explanation (section 4.2.4(d)). Nearby, 
another rock (69-1439) with an initial ratio of .704 separates 
two acid granulite bands at .709 . However as there are
no preferred directions in such high grade rocks (i.e. there
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is little structural anisotropy) across-strike transfer of 
Sr must be equally possible. Consequently the above process 
is unreal.
The only metamorphic alternative to large scale homogen­
isation requires that all stations within an isotopic entity 
have identical mean Rb/Sr ratios. The stations may vary 
internally in isotopic composition, but the sum of each must 
be the same. They therefore attain a uniform and identical 
isotopic composition by the thorough internal mixing of Sr.
As internal differences in Rb/Sr ratio are maintained in 
individual rocks, a zero isochron is formed which is the same 
at each station. However such extreme uniformity in overall 
Rb/Sr ratio is geologically improbable. It is unlikely to 
characterise 1600 m.y. rocks when it is not found in the 1250 
m.y. domain. Systems in the latter display differences in 
mean Rb/Sr ratio through their variable initial ratios.
Volcanic or sedimentary sequences could show an isotopic 
integrity of rock units comparable to that observed in the 
granulites. A case has been made for a supracrustal origin 
of the granulites on geological and chemical grounds in 
sections 3.2 and 3.3.2. Any combination of initial ratios 
is allowed in the suggested acidic and basic volcanic and 
sedimentary parents. It is then required that a 'sedimentary' 
age survive well into the granulite facies - if so, total rock 
updating must be extraordinarily difficult. Thus the Sr 
isotopic data provide a restrained argument for a supracrustal 
origin of the 1600 m.y. age. A constraint on any model is 
the low initial ratio (.704) for some acidic rocks having
102
8 7 8 6Rb/ Sr ratios up to four. For these, any pre-1600 m.y. 
history in the present Rb/Sr ratio environment is restricted 
to less than 100 m.y.. The value is consistent with an 
origin as juvenile volcanics. If a 1600 m.y. metamorphism 
is to be considered, the time span between sedimentation and 
metamorphism must be small.
The Pb isotopic data, which do not register a 1600 m.y. 
event, are decisive in understanding this age. Loss of U 
during granulite facies metamorphism is responsible for the 
preservation of its Pb model age. Prior to this, the system 
behaved as of relatively unfractionated history and had a 
normal y value. Therefore the geological activity at 1600 
m.y. cannot have been such as to disturb y beyond the limits 
required for relatively unfractionated growth. Metamorphism 
at 1600 m.y. can be rejected. Not only granulite facies, 
but also lower metamorphic grades have associated U depletion 
(Lambert and Heier, 1968) which would cause a decrease in y. 
This cannot have happened at 1600 m.y. as it would be chance 
then that model ages fall at 1250 m.y.. The isotopic data w=e*i
would more probably lie upon a 1600-1250 m.y. secondary 
isochron. Supracrustal formation of the rocks is less 
likely to cause drastic changes in y. Consequently it is 
postulated that the original sedimentary and/or volcanic 
genesis took place at 1600 m.y.. In this way both Sr and 
Pb isotopic constraints can be satisfied.
It is concluded that the Sr isotopic system is still 
that of the original supracrustal rocks. The later meta­
morphism had a minimal influence upon it. Its effects 
can be seen in a few erratic data points which are probably 
due to small scale homogenisation.
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6.2.6 Reiteration
The following model is proposed for the development of 
the M t . Aloysius granulites.
(a) Supracrustal genesis at 1600 m.y..
Evidence:
(i) Sr system juvenile.
(ii) Pb system unaffected.
(iii) No evidence for metamorphic Sr homogenisation.
(iv) Integrity of individual rock units has a 
sedimentary analogue.
(b) Intermediate-pressure granulite grade metamorphism at 
1250 m.y..
Evidence :
(i) Parallel isochrons fit the homogenisation model.
(ii) Pre-history detected - ages result from modification 
of older material.
(iii) Pb isotopic system registers prominent U loss.
(iv) Correlation of updating and petrological indications
of high temperature and thus of metamorphism.
It is stressed that this scheme applies to M t . Aloysius.
It will now be tested against other regions with the 1600- 
1250 m.y. association.
6.3 1600-1250 m.y. Domains - Regional Validity
The Ewarara to Teizi traverse shows on a large scale a 
change from 1250 to 1600 m.y. domains between localities 16 
and 17. A 'no man's land' effect may be present at 17 where 
the isochron regression has a high geological uncertainty.
The age pattern is identical to that on M t . Aloysius.
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6.3.1 1250 m.y. Domain
Parallel isochrons with high initial ratios at Ewarara 
(13) and Paldju (16) are good evidence for limited isotopic 
homogenisation. Station one at the former has three initial 
ratios ranging from .704 to .727 in adjacent horizons.
Locality 16 has a striking initial ratio difference, .713 
to .745, between stations 400 metres apart in identical 
lithologies. A Sr evolution plot (figure 6.2) reveals that 
most isotopic systems can be projected back in time to 1600 
m.y. and beyond. There is a possible common intersection 
at 1700 m.y.. Therefore some may have a pre-1600 m.y. 
history or at least may have possessed variable initial 
ratios at 1600 m.y.. In fact; a range of initial ratios is 
found in the nearby 1600 m.y. domain. All 1250 m.y. systems 
are consistent with a metamorphic derivation from 1600 m.y. 
systems. As shown in section 3.4.1 the updated area at 
Ewarara may have a primary mineral assemblage indicative of 
higher temperature than that in the unaffected area at Teizi.
The precise isochron at Ewarara is based upon data from 
two stations (one and two) three kilometres apart in one rock 
type. Large scale Sr mixing is ruled out and it must be 
assumed that the overall system at the two sites is similar - 
note that this has previously been considered improbable 
(section 6.2.5) .
6.3.2 1600 m.y. Domain
High initial ratios and twin isochrons distinguish the 
Teizi area from Mt. Aloysius. As before, these may be due to 
original supracrustal phenomena or metamorphic homogenisation
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at 1600 m.y.. The former interpretation is preferred on the 
grounds of the isotopic integrity of acidic and basic units 
whose differences in initial ratio (section 4.3.6) preclude 
regional mixing of Sr i.e. an analogous argument to that for 
M t . Aloysius. Initial ratios of up to .726 can be crudely 
projected back in time (figure 6.2) from 1600 m.y. (uncertainty 
in mean Rb/Sr ratio is great) and suggest a limited pre­
history, perhaps to 1800 m.y..
It is concluded that the model proposed to describe 
isotopic systems in both 1600 and 1250 m.y. domains is of 
general validity.
6.4 1400 m.y. Domain
Rb-Sr ages from the Michael Hills Region are remarkably 
uniform, most data pooling as a good single isochron for 1378 
± 14 m.y. with a low initial ratio (.704 ± .002). Regional
occurrence of what is virtually the same isochron distinguishes 
this domain from those previously discussed. There is some 
analogy with the 1600 m.y. domain, in that both have isochrons 
with large dispersion in Rb/Sr ratio. This contrasts with 
the restricted, parallel isochrons found in cases of updating. 
Is this then another example of a pre-metamorphic age?
In the northern parts of the area (localities 20, 24)
the petrology is comparable to that north of the Hinckley 
Fault. Southern localities (25, 27) are more complex.
Similar granulite facies features are overprinted by lower 
grade retrogressive metamorphism which becomes more pronounced 
toward the south. Petrologically all appear to be products
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of the one metamorphic event which is then that at 1250 m.y..
By inference the 1400 m.y. age predates metamorphism.
Indeed at locality 25, data from two stations can be inter­
preted as parallel 1250 m.y. isochrons impressed on a 1400 
m.y. system. Thus both geological and geochronological 
evidence suggest the metamorphism of 1400 m.y. rocks to 
granulite facies grade at 1250 m.y. with little isotopic 
updating. There are two possible reasons for the metamorphic 
age at locality 25. Because it is structurally the lowest 
level in the domain, it may have reached temperatures 
sufficient to cause isotopic homogenisation. Alternatively, 
conditions during the retrogressive phase, which is here more 
intense, may have aided Sr transport. Certainly all other 
localities, retrogressed or not, show no sign of isotopic 
disturbance. In particular, the locality 20 samples collected 
from a single outcrop 15 metres in diameter are unaffected.
The small volume sampled should be sensitive to any updating 
as it has a large spread in Rb/Sr ratio. Even more 
surprising, the Minno 'granite' , an anatectic derivative of 
the 1250 m.y. metamorphism, outcrops nearby. Further 
evidence for metamorphism at this time, its occurrence as a 
mobilised body perhaps implies a relatively high level. The 
consequent low temperature may explain the lack of updating 
at locality 2 0.
The pre-metamorphic ages are again attributed to 
supracrustal processes. Low initial ratios preclude any 
significant crustal history for rocks whose homogeneity 
suggests an origin as uniform geosynclinal sediments or 
volcanics. An alternative model invokes rapid sedimentation,
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burial and metamorphism at 1400 m.y. so that the recorded age 
reflects an overall orogenic process. Evidence for mag- 
matism and thus indirectly metamorphism, comes from the 
locality 26 rock type (section 4.5.5) which on geochemical 
and field grounds may be a deformed granite perhaps derived 
by anatexis of the surrounding gneisses (note that intrusive 
contacts have not been found) .
It is concluded that supracrustal genesis at 1400 m.y., 
followed by later 1250 m.y. metamorphism is in better accord 
with observation. However the existence of two hypotheses 
in this case, highlights the problem of assigning a geological 
meaning to Rb-Sr ages of granulites. The data do at least 
clearly show that 1450 m.y. is a maximum age for the material 
exposed.
6.5 Conclusions
Regardless of the complexities of metamorphic systems, 
precise age determinations of some event can be made. Cases 
of high scatter also occur, in confirmation of previous 
studies. The geochronological structure of metamorphic 
rocks in the Tomkinson Ranges is complex, three ages being 
recorded by similar lithologies. Their geographical 
distribution defines age domains whose boundaries are often 
marked by uncertain determinations. There is no relationship 
between geochronology and structural geology. The youngest 
domain (1250 m.y.) is due to isotopic homogenisation of Sr 
over small rock volumes. Concomitant U depletion, found in 
both 1250 and 1600 m.y. domains, has resulted in little change 
of Pb isotopic composition since then. Both processes can
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CHAPTER SEVEN: CHEMICAL TRANSPORT MECHANISMS
7.1 Introduction
It has been established that total rock Sr homogenis­
ation and U loss are responsible for the registration of 
metamorphic ages in the rocks under study. Suitable trans­
port mechanisms must therefore be found. Constraints to be 
satisfied in the Sr case are -
(a) Limitation of exchange to outcrop-size volumes (ten 
metre diameter).
(b) The rapid closure of the isotopic system as evidenced 
by precise isochrons.
(c) The much smaller exchange diameter in domains which 
preserve a pre-metamorphic age (e.g. banded specimen 
versus garnet granulite B - see section 6.2.1) and the 
sharpness of domain boundaries.
U depletion by contrast is independent of Sr age group and 
as will be shown later, ubiquitous.
The transport processes which can operate in rocks, 
ranging from solid diffusion, to fluid diffusion and fluid 
flow, will now be described and tested against observation. 
Movement of rock melts is not considered as there is little 
evidence for partial melting in the areas studied - see 
section 3.4.6.
7.2 Solid Diffusion 
7.2.1 Theory
For diffusion in an homogeneous medium,
J = - D (Fick's First Law)3 x
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3 cwhere J is the matter flux, -—  the concentration gradient3 x
and D a constant for fixed conditions, the diffusion 
coefficient. D is then a measure of the ease of diffusion.
Diffusion into a semi-infinite solid is described by 
the equation,
c_
cs
1
where,
(Kingery, 1960)
t
C s
C
x
For C/C s
X
time
concentration at t = O 
' ' ' ' t = t
a diffusion distance parameter.
0.5,
h(Dt) , which provides a convenient measure of 
diffusion range.
The diffusion coefficient has an Arrhenius temperature 
dependence whereby,
D = D e“E/RT ln D = ln D - E/RTo o
and ,
E = activation energy for the diffusion process
D = a constanto
R = gas constant
T = absolute temperature
The relation can be displayed by the linear plot of ln D 
versus 1/T.
The diffusion coefficient further depends on lattice 
impurities and grain boundary effects, both of which lead to
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higher values relative to pure single crystals at low 
temperature. The former aid diffusion by generating lattice 
vacancies, the effect being less prominent at high temperature 
where thermally induced vacancies predominate. The latter 
have a lower energy of activation as compared with lattice 
diffusion in polycrystals. Both phenomena must be extremely 
important in rocks even perhaps at the temperatures to be 
expected in granulites (i.e. 800+°C). Increased pressure
results in a decrease in the diffusion coefficient which is 
of unknown magnitude at pressures of ten kilobars.
7.2.2 Relevant Diffusion Data
Figures 7.1 and 7.2 depict log D versus 1/T for selected 
natural and synthetic materials. Results for alkali halides, 
oxides and metals are likely to span the properties of 
silicates. Mineral data are sparse, biased toward Ar 
diffusion, and reveal numerous complicating factors (e.g. 
inclusions, impurities, polycrysta11ine behaviour). Never­
theless, the small spread of data allows definition of the 
range of diffusion parameters likely in nature i.e. energies 
of activation between 25 and 55 kilocalories per mole (1.1 - 
2.4 eV) and log between -5.0 and 0. An order of magnitude 
estimate for log D versus 1/T can be made for Sr diffusion in 
silicates (and almost any 'ionic' solid) as shown by the band 
in figure 7.3. In particular, Sr is likely to approach the 
values for R a , Na and Ar diffusion in feldspars. Note also 
that diffusion of Pb in silicates is comparable.
7.2.3 Diffusion Range and Homogenisation
With the above hypothetical relationship between D and
FIGURES 7.1 AND 7.2
The plots o f log D versus 1/T(°K) refer to the diffusion of
(1) Pb in albite (reported in Fyfe et al . , 1958).
(2) Ra in microperthite ( " II ) .
(3) Pb in microperthite ( " II ) .
(4) Na in albite (Sippel, 1963).
(5) Ar in microcline (Baardsgaard et al • / 1961).
(6) Ar in sanidine ( " " ) •
(7) Ar in microcline (Evernden et al., 1960) .
(8) Ar in phlogopite ( " II ) .
(9) Ar in KC1 (Fechtig and Kalbitzer, 1966).
(10) Na in glass (Johnson et al., 1951).
( I D Na in NaCl (Mapother et a l . , 1950) .
(12) Fe in Fe^O^ (reported in Fyfe et al • 9 1958 ) .
(13) Pb in Pb 2 S iC>4 ( " ) .
(14) Pb in Pb SiO 3 ( " ) •
(15a) Ag in Ag (grain boundary)(reported in M c L e a n , 1965).
(15b) Ag in Ag (lattice) ( " " ) •
FIG 7.1 Natural Materials
FIG 72 Synthetic Materials
l / T
FIG 7.3 Hypothetical D-T Plot
FIG 74 Diffusion Range
20 40 60 80
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T it is possible to construct curves of diffusion range ( /üt) 
versus temperature (figure 7.4). In order to approximate 
natural conditions a time of 10^ years is used.
A relatively sharp diffusion cut-off is revealed for each 
of the D-T combinations chosen from figure 7.3, movement on 
a hand specimen scale (10 cms) not occurring until at least 
400°C is reached. There is a temperature threshold below 
which diffusion is insignificant and above which range 
increases rapidly. It is then possible to exchange Sr on 
the scale inferred for the granulites; figure 7.4 shows the 
attainment of diffusion ranges of one metre at geologically 
acceptable temperatures. A temperature difference of 100°C 
over a region subject to granulite facies metamorphism 
(800+°C) would cause the diffusion range at the higher temp­
erature to be greater by at least a factor of two. Therefore 
temperature gradients may be a means of understanding the 
different size of homogenisation cells in the two age domains 
on Mt. Aloysius. The sharpness of the domain boundary 
results from the rapid change in the diffusion range over the 
temperature interval about the diffusion threshold. Little 
further can be said because of the complexity of the natural 
situation.
The direct interaction of diffusion range and updating 
is unknown - that is, to what degree the movement corresponding 
to the range causes effective isotopic mixing. The time 
over which the diffusion process acts is also unknown, the 
age of metamorphism so derived reflecting the termination of 
diffusion over outcrop-size distances. Lengthening the
Qtime to 10 years only increases range by a factor of ten, but
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may be significant. Rocks as polycrystalline materials may 
have higher diffusion coefficients than suggested. This 
effect will be counteracted by high temperature and pressure.
The ease with which a rock will register homogenisation is 
also important. It depends firstly on the amount of Sr 
involved and its isotopic composition. If a rock is massive 
and made of chemically uniform cells, diffusion must operate 
beyond their dimensions to be effective. Conversely/ 
lithologically layered types will be more readily disturbed 
because of their small scale isotopic inhomogeneity. 
Homogenisation cells are however an artifical concept.
The natural case involves a complex interference between 
volumes of differing isotopic composition. Homogenisation 
smoothes these differences, but as shown does not completely 
remove them. It is impossible to determine where one 
isotopic system begins and another ends. A cell has no 
sharp walls, but is a volume in which the isotopic composition 
has become effectively uniform.
The diffusion threshold can also explain the preservation
of metamorphic ages. For a relatively small drop in
temperature, which may take place over a geologically short
time, diffusion range can retreat from large distances to
within a hand specimen. Homogenisation will cease instantly,
8 7 8 6leaving a common Sr/ Sr ratio in all rocks. The metamorphic 
age derives from this zero isochron, a measurement of the
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declining stage of diffusive exchange. The purpose of this 
discussion is to establish solid diffusion as a mechanism 
capable of explaining the observed features of homogenisation; 
that is, mixing on a limited scale, and sharp onset and 
cessation of the effect. It provides a direct link between 
updating and the thermal effects of metamorphism. Limitation 
to these small scale phenomena renders it inadequate in 
accounting for regional depletion of U.
This picture is in reasonable agreement with petrological 
investigations of diffusion. Blackburn (1968), on the basis 
of chemical equilibration over very small volumes, infers 
limitation of exchange to distances less than ten centimetres 
in an acid granulite. Other authors (e.g. Turner and 
Verhoogen, 1960) have also decried any large scale petrologica] 
significance of solid diffusion. The isotopic studies noted 
in section 6.2.4 concur.
7.3 Fluid Transport
Transport of Sr in a fluid phase may occur by movement 
of the fluid along grain boundaries or fissures. A 
progression from lattice diffusion, the former has analogies 
with grain boundary diffusion, while the latter opens these 
microscopic channelways into cracks.
7.3.1 Fluid-filled Fissures
Movement of Sr can be accomplished by partition into a 
fluid phase which migrates to, and flows along an open space. 
The driving force is the pressure contrast between rock and 
open space. Fissures must be maintained by a stress field,
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otherwise at the pressures operating during granulite facies 
metamorphism will collapse or be filled by material deposited 
from solution. The absence of vein structures (e.g. quartz- 
filled) in the granulites and the difficulty of supporting 
fissures at high pressures speak against their operation.
7.3.2 Fluid Diffusion
The nature of the fluid phase during metamorphism is 
little understood. It is generally envisaged as a 'dispersed 
phase of hydrated ions on grain boundaries which moves by 
diffusive processes (see review by Carpenter, 1968) , although 
the actual interactions are not known. The driving forces 
available are pressure, temperature and concentration 
gradients. As passages become more constricted the process 
approaches grain boundary diffusion. It must be more 
effective than the latter because loss of volatiles from 
large rock volumes is evidenced by progressive dehydration 
during metamorphism. If Sr can partition into the fluid 
phase, a means of large scale movement is available which 
could lead to regional isotopic homogenisation. This is 
implied by Arriens and Lambert (1969) , while Griffin and Heier 
(1969) associate apparent updating with fluid movement during 
retrogressive metamorphism. The M t . Aloysius domain boundary 
cannot be explained by this model, simply because all rocks 
show the same degree of extreme dehydration - gross homogenis­
ation is to be expected. The passage of a vapour phase 
through the updated regions alone is without support, although 
later dehydration may destroy hydrous minerals which could 
otherwise betray its passing. Furthermore the most substantial 
dehydration occurs before the onset of granulite facies
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conditions. Then, lesser amounts of volatiles escape 
reducing the chance of profound updating effects. Carpenter 
(1968) describes the occurrence of low grade mineral assem­
blages in fold crests, which he ascribes to movement of a 
hydrous fluid into a low pressure site. If updating is 
related to fluid movement, the fold closure stations on Mt. 
Aloysius might be expected to show precise metamorphic ages - 
this is not so (see section 4.2.4(b)). The sillimanite 
granulites, identified as metamorphosed pelitic sediments 
which must have contained much original water, cannot be 
distinguished isotopically from the banded granulites which 
were probably relatively anhydrous volcanics. The effects 
on the rocks of this fluid are the subject of speculation
(see also chapter nine). Taylor (1968) shows that unusual 
18 180/ 0 ratios in the Adirondack Anorthosite may be due to
pervasion by a hydrous fluid. The potency of 0 exchange 
under these conditions is demonstrated, but the Sr isotopic 
composition has not been affected (Heath and Fairbairn, 1968) . 
The anorthosite does have a high Sr concentration which 
makes detection of a small amount of contamination difficult. 
However in view of the extensive 0 exchange with metased­
imentary country rock, which would contain moderately high 
8 7 8 6Sr/ Sr ratios, it is likely that there is little movement 
of Sr in the fluid phase.
Fluid transport seems to have more potential as an 
updating mechanism in lower grade rocks where water is more 
abundant. Homogenisation of shales during low grade 
metamorphism has been suggested by Bofinger e t a1. (1968) ,
and of schists at sillimanite grade by Leggo e t a 1 . (1969)
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(since the specimens for the latter study were collected in a 
single quarry, solid diffusion may be responsible). Solid 
diffusion ranges at these lower temperatures are sufficiently 
small to mean that if the homogenisation model applies, some 
other transport process must be invoked. Hydrous fluids 
are the logical alternative, with or without the operation of 
open fissures, a common feature of such rocks and now seen 
as quartz veins. Homogenisation is possible during the 
complex period of mineral reconstitution and dehydration due 
to compaction and hydrous phase breakdown. The fluid released 
(aqueous in this case) is able to exchange Sr with fine 
grained silicate phases (commonly sheet silicates with some 
ion exchange capacity).
7.4 Conclusion
Two contrasting processes are available for chemical
transport in metamorphic rocks. Solid diffusion is limited
in range, requires extreme thermal activation to become
effective, and is limited to high grade environments. Fluid
transport is a11-pervading, and probably more significant
at low metamorphic grade. This contrast is also found in the
observed phenomena. The features of Sr homogenisation are
well-explained by a solid diffusion mechanism. The regional
loss of U (described in chapter nine) is more in keeping with
fluid transport. This discourse has relevance to other
hypotheses of element migration discussed in the following
two chapters. They are, regional Sr homogenisation (already
in disfavour) examined on the basis of Sr initial ratios,
8 7preferential loss of Sr from rocks and depletion of elements
in granulites .
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It is often proposed that the extreme dehydration of 
granulites is a result of a polymetamorphic origin, the 
greater part of water lost departing during a preliminary 
amphibolite facies phase. If this is general, hydrous 
updating will not be associated with the granulite facies, but 
rather the earlier lower grade event. The M t . Aloysius 
situation may have been different, with most of the original 
supracrustal rocks being relatively anhydrous and granulite 
facies grade achieved in one event recorded as the 1250 
m.y. Rb-Sr age. A two-stage model with an amphibolite 
facies metamorphism at 1600 m.y. is discounted by the detailed 
analysis of section 6.2.5. Perhaps this type of development 
is characteristic of granulites; they form during one event 
because their precursors are originally anhydrous and cannot 
melt during prograde metamorphism.
119
CHAPTER 8: STRONTIUM INITIAL RATIOS IN GRANULITES
8.1 Introduction
The contrasting chemistry of the continental crust and 
the mantle, with Rb enrichment in the former, results in a 
difference in their abundance of radiogenic Sr. Faure and 
Hurley (1963) suggest the use of Sr initial ratios as 
geological tracers on the grounds that mantle materials 
will be characterised by low, and crustal materials by high 
values. If the earth originated in the same chemical system 
as the stone meteorites, its isotopic development can be 
followed to that of the present day mantle and continental 
crust. Faure and Hurley (1963) propose single-stage growth 
to a mantle with the maximum value for modern basalts (.710) 
and a crust of about .725 . Various two- or multi-stage
histories are postulated (e.g. Hart, 1969). Two-stage 
models involve differentiation of the crust from the mantle 
at around 3000 m.y. (approximately the age of the cratons), 
with consequent divergence of growth paths. Radiogenic 
addition to the mantle from that time is sma11 because of 
Rb depletion. Details are given in chapter twelve.
Regardless of uncertainties in the models, observation supports 
the usefulness of Sr initial ratios in tracing mantle versus 
crustal history. Values for various basaltic rock types 
are, oceanic basalts, .702 - .706 and continental basalts,
.702 - .712 (Gast, 1967) . Crustal rocks show a wider range,
overlapping that of basalts and extending to much higher 
values.
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The evolutionary model for the mantle used here is 
two-stage as in figure 8.2 (description given in chapter 
twelve). Comparison between the observed and expected 
initial ratios for a given time allows the model source to 
be identified. It can only be regarded as a first approxim­
ation, but the major conclusions of the chapter are independent 
of its success or failure.
8.2 Existing Postulates
Heier (1964) proposes that intermediate- to high- 
pressure granulites (otherwise pyroxene granulites) have low 
initial ratios and observational evidence is provided by 
Spooner and Fairbairn (1970). The low values are variously 
thought by these authors to indicate either pre-metamorphic 
genesis or metamorphic processes. Spooner and Fairbairn 
(1970) thus conclude that most pyroxene granulites are 
derived from a source of low Rb/Sr ratio similar to that of 
continental basalts and anorthosites. They are therefore 
mant1e-derived and of igneous parentage using arguments 
outlined in the introduction. Heier (1964) and Heier and 
Compston (1969) suggest that the development and maintenance 
of low initial ratios might be the result of preferential 
loss of radiogenic Sr and depletion of Rb during metamorphism. 
Such large scale chemical transport would also result in 
uniform isotopic compositions on a regional scale. Both 
models predict a lower crust with low Rb/Sr and 87Sr/86Sr 
ratios .
The homogenisation model for metamorphic rocks previously 
discussed in detail (chapter one) and applied to granulites
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in the Tomkinson Ranges (chapter six) produces high 8 'sr/8°Sr 
ratios and uniform Sr isotopic compositions whose geographical 
extent depends on the scale of the mixing process invoked.
In contrast with other suggestions, the central Australian 
data limit this to small volumes in an essentially iscchemical 
proce s s .
A third possibility, dilution of pre-metamorphic Sr by 
a later influx of Sr having a different isotopic composition, 
is mentioned by Heier and Compston (1969) - no prediction
of metamorphic initial ratios can be made.
The three cases, preferential loss, homogenisation and 
dilution, represent ways in which total rock isochrons may 
record metamorphic ages. Homogenisation is preferred in the 
present studies and one purpose of this chapter is to critically 
examine the others.
8.3 Initial Ratios in Granulites
Table 8-1 is a compilation of the available data on 
which the postulate of low initial ratios in granulites is 
based. Many as shown are less than .706 and thus similar 
to modern basalts, but there are also numerous exceptions.
Values for intermediate-pressure granulites from the Tomkinson 
Ranges (all age domains) are noticeably higher. Comparison 
is complicated by the overall evolution of the isotopic 
system with time. The histogram (figure 8.1a) is limited 
in use by this problem, as well as by poor geographic coverage 
and the non-depiction of areas with a range in initial 
ratio. This does not apply to the new results in figure 
8.1b which represent a limited time range. A better, but
TABLE 8-1
Granulite Initial Ratios
Locality Age (m .y.) Ri Ref
Intermediate-pressure 
Charnockites .
Granulites , Pyroxene Granulites,
Fraser R a n g e , W.A. 1328 ± 12 . 7049 + .0012 * 1
Ernab ella, S .A . 1120 ± 100 .7106 ± . 0014 1
Musgrave Ranges, S.A. 1380 ± 120 . 7072 + .0025 * 1
Lewisian, Scotland 2600 .701 - . 708 4
Man Charnockites 2860 ± 135 .699 + . 001 9
I I 2910 ± 110 .707 ± . 001 9
Nilgiri Charnockites 2615 ± 80 . 7023 ± . 0012 2
Madras Charnockites 2580 ± 95 . 7059 ± . 0042 2
Gneiss, Adirondack Mtns. 1055 ± 31 . 7060 ± 0004 5
I I 1140 ± 40 . 7038 12
I I 1092 ± 20 . 7058 + . 0010 7
Anorthosites .703 - . 706 5
Langoy, Norway 1705 ± 45 .702 - . 710 6
Lofoten, Norway 1775 ± 30 . 7037 ± . 0003 6
Paraiba Series, Brazil 2035 ± 60 .7115 + . 0016 3
Data from Spooner and Fairbairn (1970) 11
Rakosi and Okollo 2629 ± 117 . 7054 ± . 001 *
(2588 ± 308 ) ( . 706 + . 003 )
Pare Mountains 926 ± 63 . 7056 ± .0011 *
( 872 ± 460) ( . 705 ± . 008 )
Loibor Serrit 724 ± 8 . 7064 ± .0001 *
( 724 1 139) ( . 7064 ± .0011)
Kanuku Complex 2182 1 95 .7018 ± .0011 *
(2147 1 311) ( . 702 + . 005 )
Crane M t n , N . Y . 1336 1 71 . 7025 ± .0025
(1335 1 228 ) ( .703 + . 007 )
Adirondack Mtns. 1465 1 85 .7014 ± . 0013
(1306 1 729) ( .703 + . 010)
Wes tpor t 1338 1 47 . 7057 ± .0009 *
(1268 1 287 ) ( . 708 ± .005)
TABLE 8-1 Cont.
Locality Age (m . y . ) Ri Ref
Salem, Madras 2476 ± 115 . 7042 ± .0002 *
(2433 ± 647 ) ( . 7043 ± . 0011)
Kushalnagar, Mysore 2618 'S)+i . 7039 ± .0005 * 11
Pallavaram, Madras 1980 ± 124 . 7037 ± . 007 11
Rocks Transitional to the Granulite Facies
York, W.A. 2687 ± 211 .712 ± . 009 8
Bruce Rock, W.A. 2690 ± 368 .703 ± . 004 8
Cape Naturaliste, W.A 680 ± 170 .709 ± . 003 8
Northampton, W.A. 1041 ± 49 .720 ± 004 8
Eyre Peninsular, S.A. 1706 ± 139 .704 ± . Oil 8
Broken Hill, N.S.W. 1605 ± 35 .759 ± . 013 10
II II 1690 ± 170 .710 ± . 009 10
II II 1670 ± 100 .732 ± .036 10
Svolvaer, Norway 1805 ± 150 . 7031 ± .0075 6
References: (1) Arriens and Lambert (1969), (2) Crawford
(1969) , (3) Delhal et al . (1969) , (4) Evans (1965) , (5) Heath
and Fairbairn (1968) , (6) Heier and Compston (1969) ,
(7) Hills and Gast (1964) , (8) Lambert (1967) , (9) Papon et al 
(1968), (10) Pidgeon (1967), (11) Spooner and Fairbairn (1970)
(12) Zartman and Wasserburg (1969).
Values in brackets are those determined using the 
regression technique of McIntyre et a l . (1966).
refers to initial ratios dependent on basic granulites.
FIG 8.1 Initial Ratios
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less concise means of comparison, figure 8.2 allows for 
isotopic development.
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The higher initial ratios of the central Australian 
rocks may be due to some local quirk or a bias in sampling. 
While the former cannot be dismissed, there is stronger 
evidence for the latter. Most low values, particularly 
those of Spooner and Fairbairn (1970) , are derived from 
isochrons where the initial ratio has been fixed by a 
basic granulite of low Rb/Sr ratio (cases are marked in 
table 8-1). It is assumed that this rock type belongs to 
the same isotopic system as the associated acid granulites.
The discussion of section 6.2.5 clearly shows that basic 
granulite horizons often retain their isotopic integrity and 
have different initial ratios to interlayered acidic bands.
The best example is at Ewarara (13) (section 4.3.2) where 
ten metre thick horizons of sillimanite, subacidic and basic 
granulites have initial ratios .727, .710 and .705 respectively
If isochrons for each sample are forced through the basic 
granulite point, the ages in this area become incomprehensible. 
The above assumption is unjustified, and the onus lies with 
any user to provide supporting evidence of its validity. If 
these anchor points of Spooner and Fairbairn (1970) are 
removed, initial ratio uncertainties are greatly increased. 
Because of this, and an inadequate regression procedure, the 
data of Spooner and Fairbairn (1970) are misleading.
Regression by the method of McIntyre et al. (1966), using
appropriate variance estimates and including the basic 
granulites (although this is unjustified), reveals much 
greater uncertainties (a factor of five in initial ratio)
see table 8-1). In several cases the increase is
12 3
sufficiently large to remove any significance from the 
isochron. The McIntyre method (see Appendix I) demonstrates 
large geological uncertainties which are probably evidence 
for a population of initial ratios which has a wide rather 
than narrow range. It is outlined by the family of parallel 
isochrons from data points for acid granulites. The effect 
is magnified if the basic granulites are removed from the 
treatment. Another bias between the present and published 
data is due to the method of sample collection. Restricted 
sampling as used here is more likely to reveal the high 
initial ratios of small homogenisation cells, otherwise seen 
as a general scatter about a regional isochron.
Intermediate-pressure granulites cannot be typified as 
having uniformly low initial ratios. Any genetic models 
based on this idea are either restricted to basic rocks or in 
error. The above data show a large range for acidic, and 
restricted low values for basic rocks - a strict analogy with 
supracrustal types. If they originated as basaltic igneous 
rocks which did not isotopically exchange with other systems 
during metamorphism, basic granulites will continue to show 
their original isotopic characteristics because of their low 
Rb/Sr ratio. Any isochron which includes them must have a 
low initial ratio regardless of whether the other samples are 
related or not. Rocks with high Rb/Sr ratios can develop 
any number of metamorphic initial ratios. The isochrons 
involved must be identified before initial ratios can be 
assigned. The data for the central Australian granulites 
are the best coverage of a single area available and have the 
normal range of crustal rocks. They are not atypical in 
this isotopic sense.
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8.4 Critique of the Preferential Strontium Loss Model
If granulites do not invariably show low initial ratios,
the hypothesis of preferential loss of radiogenic strontium 
8 7 *( Sr ) relative to common strontium must be discounted. The
theory as propounded by Heier (1964) and Heier and Compston
(1969) can also be assailed on other grounds. There are
three mechanisms proposed:
8 7 8 6(a) Strontium of high Sr/ Sr ratio concentrates in the 
first melting fraction during anatexis because this is 
derived from K-rich (therefore Rb-rich) phases (Heier, 
1964). The residuum is left with a lower ratio than 
the original rock, provided that it cannot exchange Sr 
with the liquid. Separation of liquid and residuum 
is the final stage.
This suggestion is inadequate because the proviso of no 
exchange between melt and residuum does not hold.
Numerous geochronological studies have demonstrated the 
exchange of Sr between mineral phases in the solid state 
(see chapters one and ten). At the melting point, 
diffusion is so pronounced (see figure 7.4 for 900°C
g- note that t = 10 yrs) that isotopic equilibrium by
solid diffusion and crystal-liquid partition is assured.
8 7 *(b) Diffusive movement of Sr from a crystal lattice will 
occur more readily than for non-radiogenic Sr because 
the former is generated in Rb sites where it is thermo­
dynamically unstable i.e. there is a lower energy of
8 7 *activation for Sr diffusion.
However, no distinction can be made between the sites
of Rb and common Sr in minerals of importance to the
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Rb-Sr system e.g. micas (Deer et a l ., 1964),
X = K, Na, R b , Cs, Ca, (thus Sr), Ba.
Y = Al, Mg, Fe, M n , Cr, T i , Li.
8 7 *If Sr occupies the same position as other Sr atoms, 
it is not likely to be thermodynamically unstable.
Even if this is so, it has only an advantage to escape 
its initial site — once out, its diffusional behaviour 
will be identical to that of common Sr, and separation 
is impossible.
(c) The young ages often found in biotites are related by
Heier and Compston (1969) to a lattice defect induced 
87 , 87 *The Sr produced can readily
8 7 *The recoil energy of Sr is however
Loss of high 8?Sr/86Sr ratio, total Sr from
by ~ ' Rb disintegration.
diffuse from this site and lodge in hydrous alteration 
phases or grain boundaries until lost by transmission in 
a 'water' phase.
comparable to the activation energy of diffusion, and 
does not endow its atom with any advantage over those 
thermally activated (excepting low temperature conditions 
and then only for a single movement from the original 
site).
biotite is an alternative, which is limited by the small 
amount available. It can only be effective in biotite- 
rich rocks if equilibration with other phases is impossible
None of these processes is restricted to the granulite 
facies. However, no suggestion of the effects has been 
reported in amphibolite facies rocks. If preferential loss 
is limited to anatexis or dehydration (initial prograde 
phenomena) it should be more common there. High initial 
ratios must also be expected in polymetamorphic terrains where
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homogenisation may occur under circumstances where the
87 *proposed mechanisms for loss of Sr cannot operate. The 
preferential loss hypothesis is inconsistent with many of 
the observed initial ratios in high grade metamorphic rocks 
and must be considered unproved.
The recognition of small scale Sr homogenisation as the 
process operating during updating, eliminates the need for 
a postulate of regional movement of Sr. Regional transport, 
while an essential part of the preferential loss model, is 
also the basis of an alternative homogenisation model.
Pidgeon (1967) explains parallel isochrons in granulites at 
Broken Hill, N.S.W. by mixing of Sr throughout rock units 
during metamorphism. The distances involved are at least 
several kilometres. Restriction of the effect to 
individual rock units which have greatly different initial 
ratios suggests an analogy with the 1600 m.y. domain of this 
work. It is likely that the isochrons reflect the supra- 
crustal history of these metasediments. The age of meta­
morphism in this area is more likely that of the abundant 
acid intrusives. Arriens and Lambert (1969) also propose 
regional homogenisation to account for a highly precise 
isochron given by samples throughout a granulite facies 
terrain. Geological uncertainty is however present in the 
data, and two initial ratio populations rather than a single 
value are a possibility. The precise age is more the result 
of several samples having high Rb/Sr ratios being coupled 
with others that are very low. The precision is to this 
extent illusory - neither it, nor the initial ratio are 
conclusive evidence for sharp closure of the isotopic system
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over a wide area. The indecisive nature of claimed cases, 
and the non-occurrence in the Tomkinson Ranges makes the 
postulate of regional homogenisation of dubious value.
Non-uniformity of initial ratios in an area also discounts 
the massive introduction of Sr as a means of levelling 
isotopic composition. There is no apparent reason why only 
Sr should be involved. Other elements must take part and 
the result would be large scale metasomatism for which there 
is little evidence in granulite facies terrains.
8.5 Petrological Conclusions
Small scale Sr homogenisation remains as the most 
reasonable process of total rock updating during metamorphism. 
High initial ratios are expected and found.
As discussed, some individual compositional bands have 
characteristic initial ratios, thus precluding exchange of 
Sr between them. This integrity is shown to predate 
metamorphism and to be of supracrustal origin. It follows 
that macroscopic lithological layering is similarly derived. 
Development by metamorphic differentiation is excluded as 
it would produce uniformity of isotopic composition, a con­
clusion supported by field observation (section 3.2).
The initial ratios for 1600 m.y. rocks can be used as 
genetic evidence and are indeed consistent with the supra­
crustal model. All basic granulites have values between 
.7029 and .7045 and are equivalent to basic igneous rocks.
Most rock units at M t . Aloysius have initial ratios of .704 
regardless of chemistry, with the exception of some acid,
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banded granulites at .708 ± .002 . Other units, as at
Teizi, have high initial ratios and definite, but limited 
Pre-1600 m.y. histories. Such rocks are probably meta­
sediments originally marked by Sr of detrital origin. A 
geneial igneous origin as suggested by Spooner and Fairbairn 
(1970) is unlikely. Several lines of evidence, geological, 
chemical, and isotopic, converge on the conclusion that 
9 ^ u 1 i t e s are derived from the mixed sedimentary and 
igneous materials of geosynclinal environments. Specifically, 
it applies to the many charnockitic rocks of the Tomkinson 
Ranges. The origin of this rock type has been much discussed, 
resulting in igneous, metamorphic and combined hypothesis.
Rock textures clearly show that the great majority are now 
metamorphosed and any problem concerns their pre-me tamorphic 
origin. No evidence has been found to distinguish them 
from other granulites, whose origin they share, and from 
which they differ only in the development of charnockitic 
appearance during metamorphism.
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CHAPTER NINE: TRACE ELEMENT GEOCHEMISTRY
9.1 Introduction
The previous chapters make clear the importance of trace 
element migration as the mainspring of geochronology. The 
behaviour of Sr during metamorphism can be described by small 
scale homogenisation as a result of solid diffusion. Regional- 
mixing models of several types are inadequate in the light of 
present data. The ever-present possibility and importance of 
chemical mobility during metamorphism, and the existence of 
an hypothesis of trace element depletion in granulites induced 
further work on this subject. The interest is heightened by 
the contradiction between the limited mobility of Sr and the 
apparent large scale loss of U detected by the U-Pb isotopic 
system. The elements to be discussed in this context are 
Sr, K, Rb, U and Th. As with other aspects of this thesis, 
material from Mt . Aloysius is used as a detailed base coupled 
with a limited regional survey.
Previous studies examine the change in elemental abundance 
with metamorphic grade. Shaw (1956) shows that pelitic rocks 
do not change in composition with progressive metamorphism to 
the upper amphibolite facies, apart from loss of water and 
carbon dioxide. Engel and Engel (1962) associate the onset 
of granulite facies grade in amphibolite with decrease in 
Si, K and H^O, increase in Ca and Mg contents and decrease in 
the FeIII/Fe11 ratio. Depletion of U and Th in granulites is
reported by Heier and Adams (1965) , Fahrig et al. (1967) and
Lambert and Heier (1967, 1968). Fahrig et al. (1967) present
mean U and Th contents for the amphibolite and granulite facies 
rocks of part of the Canadian Shield. They consider the
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slight depletion in the higher grade statistically significant. 
From a study of U, Th and Rb abundances and K/Rb, Th/K, U/K 
and Th/U ratios, Lambert and Heier (1967, 1968) conclude that
intermediate-pressure granulites are depleted in R b , U and Th 
relative to lower grades. Attributing this to an anatectic 
process, they claim that the former terrains contain a higher 
proportion of intermediate composition rocks. Specifically, 
rocks from the Musgrave Ranges, while their best example, 
highlight the difficulties of these comparisons. Firstly, 
samples of similar pre-metamorphic origin must be considered 
before any geochemical peculiarity may be attributed to 
metamorphism. It is recommended that rocks whose prehistory 
is undeniable, such as pelites, should be used. Secondly, 
areas subject to extraneous geological effects should be 
excluded. The Musgrave Ranges are a case of the latter, 
as mapping (Major et a l . , 1967) reveals that the amphibolite
facies rocks are probably retrograde granulites. Lastly, 
and most critically, bias in sampling must be minimised.
As the proportion of rock types in the Musgrave Ranges given 
by Lambert and Heier (1968) is at variance with that derived 
from recent field work, it can be seen that this is difficult 
to avoid.
9.2 Trace Element Geochemistry
The following sections document the analytical results
(tabulated in Appendix III) for Sr, K, R b , U and T h . The
data are presented as histograms and arrays for specific
rock types. The use of histograms requires unbiased sampling
which is difficult to achieve in any geological venture,
♦
particularly one of regional extent. To reduce this problem,
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specific comments are made on the results for Mt. Aloysius 
where there is better control on lithological variation. To 
test the hypothesis of depletion in granulites, comparison is 
made with unmetamorphosed, supracrustal and lower grade 
metamorphic rocks. Amphibolite facies lithologies in the 
Tomkinson Ranges are unsuitable for this purpose as most are 
retrograde granulites. Use is consequently made of the 
average rock compositions of Taylor (1968) - see table 9-1.
Average
TABLE 9-1
Elemental Abundances in Common Rocks
K Rb Sr Th U
Silicic Igneous
Rocks 4.3 - - 20 4 . 7
Granite 3.47 145 285 17 4.8
Granodiorite 2.55 110 440 10 2 . 7
Andesite 1.33 31 385 2 . 7
Basalt .85 20 465 3 . 6
Shale 2 . 7 _ _ 12 3.7
Data after Taylor (1968) and Clark et a1 . (1966) .
(K as weight per cent.( others as ppm)
9.2.1 S trontium
Strontium abundances (figure 9.1) in subacidic to 
intermediate compositions are similar to equivalent rock 
averages of Taylor (1968). Data for the banded granulite 
are bimodal and reflect granitic and granodioritic horizons 
in which the former are unusually low in Sr. The average
Fig 9.1
Sr ppm
Abbreviations: sg sillimanite granulite
mg massive • •
ggA garnet ' ' A
ggB ' ' ' B
bg banded ' '
A,G,Gd averages for andesite, granite 
and granodiorite
Fig 9.2
• ••• •
K %
Fig 94
Rb ppm
14
FIG 9.3 K HISTOGRAM -
all granulites
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for the sillimanite granulite of 50 ppm, while low, is 
consistent with derivation from a pelitic sediment.
9.2.2 Potassiurn
Rocks from Mt. Aloysius have normal K contents with the 
exception of unusually high values in granitic members of the 
banded granulite (figure 9.2). The distribution of K 
throughout the area can be seen in the histogram, figure 9.3 
which includes all analysed granulites. The most frequently 
occurring values lie between 3.0 and 4.5 per cent, corresponding 
to an adamellitic composition, in agreement with field 
observation (section 3.3.3). Note again the presence of high 
K samples. Comparison with the histograms of Lambert and 
Heier (1967) shows a similar pattern in both granulite and 
amphibolite facies terrains - equivalent rock compositions 
occur in both.
9.2.3 Rubidium
The granulites from Mt. Aloysius have normal Rb abundances 
(figure 9.4). Lambert and Heier (1968) use K/Rb ratios to
test whether Rb is depleted in metamorphic rocks. They 
assume that normal K/Rb ratios lie between 150 and 300 and 
that any sample falling outside of this range requires a 
special explanation. Their conclusion is that "sub-acid
and intermediate granulites ...... have significantly higher
K/Rb ratios ...... than otherwise similar low pressure
granulites".
A more flexible plot of K/Rb ratio versus K% will be 
employed here and a number of studies used to define the
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fields occupied by supracrustal rocks (figure 9.5).
Analytical bias is reduced by using data mainly from workers 
within the Australian National University. The review of 
Shaw (1968) shows it to be typical of the large amount 
available. Some emphasis has been placed on calc-alkaline 
rocks as these are suspected parents of the granulites in 
question. The examples comprise New Zealand volcanics 
(Ewart and Stipp, 1968) , Nigerian granites (Butler et a l . ,
1962), the heavily fractionated Heemskirk Granite (Heier and 
Brooks, 1966), continental alkaline volcanics (Abbott, 1967) 
and andesites (Taylor and White, 1966; Taylor et a1 . , 19 69) .
The large range of K/Rb ratios for a fixed K per cent makes 
it clear that the 'normal' limits assigned by Lambert and 
Heier (1968) are unreal. While most rocks have values 
between 150 and 300, common lithologies in orogenic regions, 
notably andesites, may have high ratios. The 'noise' in 
the parameter is such that the upper limit of normal K/Rb 
ratios is here defined as 450 for greater than two weight 
per cent K. Below two per cent K, extremely high values 
may occur - the normal field is as defined in figure 9.5. Any
sample outside of this field may require special explanation.
The intermediate-pressure granulites from the Tomkinson 
Ranges are shown in figure 9.6. The banded granulite has a 
uniform K/Rb ratio for a large variation in K content. The 
sillimanite granulite is systematically lower at about 220, 
as might be expected for a metamorphosed pelitic sediment.
The greatest variability is shown by the garnet and massive 
granulites. Comparison with supracrustal rocks (figure 9.5), 
reveals no difference in the distribution of K/Rb ratios.
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With the exception of one sample (GA 2788), all the data are 
within reasonable limits and there is no need to postulate 
any unusual fractionation of Rb with respect to K.
Data for other metamorphic rocks (figure 9.7) come from 
Heier and Brunfelt (1970) , Lambert (1967) , Sheraton (1970) , 
Spooner (1969) and White (1966). In the first four cases 
high K/Rb ratios are attributed to granulite facies metamorphic 
effects. Many of these data are within the normal limits 
defined above, but ratios are generally high and cases outside 
the limits (particularly from Sheraton, 1970) are more 
frequent. The latter may provide a case for Rb depletion, 
but the influence of original parentage is unknown - eugeo- 
synclinal volcanics of high K/Rb ratio are a definite 
possibility. Alternatively, metamorphic differentiation in 
the amphibolite facies during prograde metamorphism is a 
possible explanation (White, 1966).
9.2,4 Uranium
The majority of central Australian granulites have U 
contents less than 1.5 ppm regardless of lithology (figure 
9.8). The values are significantly lower than the means for 
supracrustal rocks of similar composition (Clark et a1 . ,
1966; table 9-1) and marginally lower than the volcanics of 
Ewart and Stipp (1968) . However, andesites (Taylor, 1968) 
may have comparable abundances to compositionally equivalent 
garnet and massive granulites. The sillimanite granulite 
is depleted relative to the mean for shales, but within the 
possible range. These low concentrations in intermediate- 
pressure granulites agree with data of Heier and Adams (1965)
FIG 9.8
U ppm
FIG 9.9
Th ppm
FIG 9.10
T h /l) Histogram
T h /U
135
and Lambert and Heier (1967). Slightly higher U contents, 
ranging up to 3 ppm, are found in low-pressure granulites 
and amphibolite facies rocks (Lambert and Heier, 1967) .
Fahrig et a l . (1967) report 0.8 ppm U in the average horn­
blende granulite and 1.3 ppm in average amphibolite facies 
rock from the Canadian Shield. They consider the difference 
significant, but both concentrations are distinctly lower 
than those of Lambert and Heier (1967) . Further complic­
ations occur in the Musgrave Ranges (Lambert and Heier, 1967) , 
where there is little difference between granulite and 
amphibolite facies rocks, both seemingly depleted, It is 
probable that amphibolite facies rocks are themselves depleted 
relative to the supracrustal averages, as is also suggested 
by their high Th/U ratios (section 9.2.5). Thus most 
me tamorphie rocks are depleted in U with the effect more 
pronounced at higher grades. Lambert and Heier (1967, 1968)
and Kleeman (1969) consider that the transition to intermediate- 
pressure granulite grade is marked by a significant drop in 
U abundance, but in view of the complications mentioned above, 
a continual decrease is more likely.
9.2.5 Thorium
Thorium abundances at M t . Aloysius (figure 9.9) are 
often high compared with average igneous rocks (table 9-1) 
and intermediate-pressure granulites, but comparable to those 
from the amphibolite facies. The range is great with a 
cluster less than five parts per million. Of these, most 
can be equated with normal andesites, but some banded 
granulites are unusually low with regard to their granitic 
equivalents. Only in these instances can a case be made
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for Th depletion. Otherwise contents are often sufficiently 
high for Th to be used as a geological tracer. Data for 
adjacent high and low grade terrains (Lambert and Heier,
1967) are equivocal, while some granulite facies areas are 
strongly depleted (Sheraton, 1970). Fahrig et a1 . (1967)
report minor depletions in the Canadian Shield. No clear 
case can be made for Th depletion - if present it is minor.
Lambert and Heier (1967) state that "amphibolite and 
hornblende granulite subfacies rocks tend to have Th/U ratios 
above 4 while ratios less than 4 are most common in the 
pyroxene granulite subfacies". This they attribute to an 
initial depletion of U at low grade, four being an average 
supracrustal value, followed by pronounced loss of Th at 
intermediate-pressure granulite grade. Rocks from Mt.
Aloysius (figure 9.10) are a very clear exception to this 
rule as almost all have ratios greater than four and the 
highest is 200. Most are between 5 and 15, a function of 
relatively high Th content and marked U depletion. Again 
there is no indication of loss of T h , although it may be 
masked by the high contents. The low grade rocks of 
Lambert and Heier (1967) have similar ratios providing evidence 
for U loss in most metamorphic grades.
9.2.6 S ummary
The trace element data are relevant both to the 
geochemistry of granulites at M t . Aloysius and to the general 
problem of large scale chemical migration.
As expected, abundances of Sr and K are identical to 
those of supracrustal rocks, and have not been influenced
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by metamorphism. Similarly, there is no evidence for Rb 
depletion at M t . Aloysius in terms of either concentrations 
or of K/Rb ratios. This latter conclusion is based upon 
examination of ratios found in likely high level equivalents. 
Other workers find unusually high K/Rb ratios in granulites 
which may be explained by unusual pre-metamorphic parentage, 
or metamorphic differentiation, or igneous processes as in 
the case of some mangerites. The remaining instances may 
reflect metamorphic depletion, but this is not as pronounced 
as previously suggested.
There is convincing evidence for depletion of U, not 
only in intermediate-pressure granulites, but at most grades. 
Dramatic support is found in the isotopic data (chapter five) 
which reveal a profound loss of U in the garnet granulites 
from 7.0 to 0.5 ppm. I sotopically, Pb evolved in a normal
y environment (9.2) until 1250 m.y., at which time its y 
value decreased to less than one.
On abundance considerations, Th does not appear to be 
depleted in central Australian granulites. However isotopic 
data imply partial or complete loss of Th in some samples, 
but not others. The impression is that depletion is not 
universal, but involves loss in some areas to the gain of 
others. This may explain the contrasting low and high Th 
contents in rocks at Mt. Aloysius, where the decrease in 
abundance is clearly not regional in extent.
9.3 Models for Chemical Depletion
Uranium is the only element depleted on a large scale
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at Mt. Aloysius. This is at variance with the conclusions 
of other workers, who predict a decrease in abundance of U,
Th and Rb at intermediate-pressure granulite grade of 
metamorphism. The additional postulate of regional Sr 
homogenisation has been discussed and dismissed in previous 
chapters. Anatexis during metamorphism is proposed as a 
likely mechanism. Removal of the low melting point fraction 
is claimed to result in an overall intermediate composition 
to these terrains.
9.3.1 The Composition of High Grade Metamorphic Terrains
Any attempt to estimate the overall composition of a 
large volume of rock is beset with difficulties, beginning 
with the great petrological variations found in nature. A 
brief survey of the literature did not resolve this problem 
due to the small areas studied, limited exposures and lack of 
information on the proportions of rock types exposed. There 
are several geological difficulties. The common charnockitic 
rocks are dark-coloured in hand specimen regardless of 
composition, and may lead to over-estimation of basic lith­
ologies. Igneous rocks can be taken as unrelated intrusive 
material or derivatives of metamorphism depending on opinion. 
If metamorphosed the distinction becomes more subjective.
Basic intrusives may be more abundant in the deeper levels 
of a metamorphic terrain purely because of proximity to the 
source of magma. The uncertainties so introduced reduce the 
problem to an examination of specific examples.
The two Australian occurrences of intermediate-pressure 
granulites contrast greatly. The Musgrave Block is
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granodioritic in composition. The Fraser Range in Western 
Australia is predominantly basic and perhaps of basaltic 
origin (Wilson, 1969). Information on lower grade exposures 
is limited, Lambert and Heier (1968) suggesting acid rocks as 
of most common occurrence, although there are exceptions 
such as the Kimberley, W.A. area which may be analogous to 
the Fraser Range. Histograms of weight per cent K (Lambert 
and Heier, 1967) reveal "that approximately similar rocks 
outcrop in the various areas" of granulite and amphibolite 
facies grade. This is an apparent contradiction of their 
model which predicts a decreasing K content with metamorphic 
grade. The rider that "high K values are not as frequent 
in the pyroxene granulite terrains" is compensated by the 
present data (see figure 9.3). Intermediate composition 
characterises areas in Norway (Heier, 1960) and Scotland 
(Sheraton, 1970). The Adirondack Highlands of North America, 
underlain by granitic rocks of granulite facies grade (de 
Waard and Walton, 1967) , are closely comparable to the Musgrave 
Block. There is thus a complete range in bulk chemistry 
and the lithological associations are equivalent in composition 
to geosynclinal deposits of Phanerozoic age. The rocks may 
be considered as of supracrustal derivation without chemical 
modification. The postulated overall intermediate composition 
for intermediate-pressure granulites must be treated as a 
speculation which may be baseless.
9.3.2 The Mechanism of Depletion
Lambert and Heier (1967, 1968) tentatively propose an
anatectic model to explain the depletion of trace elements 
in high grade metamorphic rocks. They suggest that mineral
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phases formed by chemical reaction during metamorphism may 
not contain lattice sites favourable to some trace elements. 
Such elements may then partition into a vapour phase which 
will carry them to higher crustal levels. Partial melting 
which first occurs in the upper amphibolite facies, will 
enhance the process. A basic residuum will remain if 
granitophile elements migrate upwards.
The hypothesis can be examined in its two parts, fluid 
transport and melting. Partial melting has not occurred at 
Mt. Aloysius as original supracrustal layering is preserved 
and migmatites and cross-cutting bodies are absent.
Depletion of U is thus independent of anatexis. Rubidium 
and thorium concentrations are normal, showing that these 
elements respond to another process, perhaps anatexis.
Removal of U from granulites is probably achieved by 
incorporation in the fluid phase expelled during severe 
dehydration. This mechanism explains the regional nature of 
the phenomenon and its development in the amphibolite facies.
It may be due to the high solubility of hexavalent U as 
U O - .
Anatexis may have caused migration of Rb and Th in areas 
described by other workers. There are a number of objections. 
Partial melting is extremely common in the upper amphibolite 
facies where mineral reactions capable of triggering depletion 
as in the model of Lambert and Heier (1967, 1968) do occur -
depletion is not found. It is impossible to account for 
areas of basic composition which cannot be a residuum after
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anatexis. However the Scottish example where the most 
extreme K/Rb ratios are found is migmatitic, and melting may 
have affected its chemistry. Since the phenomenon is not 
observed in the TOmkinson Ranges it will be left at this 
point.
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CHAPTER TEN: MINERAL ISOTOPIC STUDIES
-.P-i.P- — Isotopic Behaviour of Minerals during Metamorphism
The isotopic behaviour of minerals under metamorphic 
conditions can be gauged from field studies and laboratory 
experiments on diffusional properties. Experiments indicate 
that movement of trace elements on the scale of the grain 
sizes in rocks can occur at geologically low temperatures.
Open system conditions and the disturbance of mineral ages 
must therefore be expected to be common in nature. The 
primary work for natural occurrences is that reported by
^__P • (1968) on the effect of contact metamorphism on
established isotopic systems. Their conclusions for 
feldspars and biotites are summarised below, along with 
comments derived from other relevant studies.
Pidgeon (1967) describes alkali feldspars from granulites 
whose Rb-Sr ages are either concordant with total rock results 
or older and erratically scattered. The complexity is 
presumed to be due to disturbance by a low grade retrogressive 
metamorphism. Contact metamorphism has little effect on 
the Rb-Sr system according to Hart et a l . (1968), but can be
detected at temperatures in the range 500-550°C. The most 
common situation is for the tie-line on an isochron plot 
between coexisting plagioclase and alkali feldspars to show 
a younger age than the total rock isochron. Post-emplacement 
isotopic homogenisation which is often equated with metamorphism 
provides an explanation. Partial homogenisation is reported 
at greenschist facies grade (Compston and Arriens, 1968), and 
complete homogenisation in the middle amphibolite facies
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(Wetherill et a l . , 1968) . The mineral isochron may or may
not include coexisting biotite.
Biotite is extremely sensitive to heating and will lose 
radiogenic daughter products at temperatures as low as 200- 
250 °C (Hart e t a l . , 1968; Hanson and Gast, 1967). As
this temperature is extremely low in a geological sense the 
mineral is readily updated. Conversely it is slow to 
isotopically close on cooling, explaining the young ages so 
commonly found in metamorphic environments.
The above observations can be rationalised by diffusion-
based models as in Hart e t a1 . (1968) , in a geological context
by Armstrong (1966), and as expanded herein. The spread
of diffusional parameters for minerals as described in
section 7.2.2, results in different temperature thresholds
for diffusion under geological conditions. For the small
grain sizes in rocks (less than one millimetre) the transition
from exchange to retention of daughter product is sharp,
occurring over a narrow temperature interval. The critical
temperatures are taken as biotite at 200-250°C and feldspars
at 500°C. Moreover, because of differences in Rb/Sr ratio
between phases, a rock is inhomogeneous with respect to 
8 7 8 6Sr/ Sr ratio on a microscopic scale. Diffusion need only 
operate over distances of several grain radii to cause 
prominent exchange. From figure 7.4 (/Dt versus T ) , ranges 
of this order are achieved at low temperatures.
Above the cut-off temperature for feldspars the majority 
of phases will exchange Sr. As ages for most paired plagio-
clase and alkali feldspars can be construed to be identical,
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it is assumed that these minerals have comparable threshold
temperatures. Consequently, at this temperature they contain 
o . ^  87 86Sr with a Sr/ Sr ratio equal to that of the total rock. 
Below it, the feldspars are excluded from the exchange system 
which is still supplied with Sr by biotite. The mica can
continue to lose radiogenic Sr by exchange with any phase 
of like behaviour or with grain boundaries. That is, if 
cooling rate is low, biotite can record a different age to 
feldspars and the simple model of isotopic homogenisation 
after Compston and Jeffery (1969) no longer applies. The 
hierarchy of isotopic closure on cooling to be used in this 
thesis is total rocks first (900°C), then feldspars (500°C) 
and finally biotites (250°C). Total rocks are first to 
close because of the high temperatures required to achieve 
the great diffusion range needed for effective exchange.
Whether mineral ages are dispersed is determined by the rate 
of cooling. In a rapid closure situation (e.g. Cooma,
N.S.W. - Pidgeon and Compston, 1965) , all systems cease to 
exchange instantaneously. A slowly-cooled plutonic environ­
ment is marked by a progression in age which gives the times 
at which the critical isotherm is reached in each system. 
Armstrong (1966) and Armstrong et a l . (1966) place biotite
ages from a metamorphic complex in the latter geological 
situation, relating them to uplift processes and passage of 
the critical diffusional isotherm. The geographical dis­
tribution of ages may reveal the pattern of tectonic movements. 
More generally however, the age may be determined by cooling 
as a result of tectonism and movement of isotherms. Uplift 
and regression of isotherms need not be concurrent and a more
complex geographic pattern of ages may then be expected.
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Thus two principles are to be invoked in this chapter -
(a) That total rock and mineral ages in a slowly-cooled 
environment show a progression in time predictable from 
their diffusional behaviour and resulting from the 
cessation of diffusion on cooling.
(b) That ages so derived yield information on the interplay 
of tectonic uplift and movement of isotherms.
10.2 Feldspar Data
Three localities on the major east-west traverse are 
represented by feldspar analyses - Mt. Aloysius, Ewarara and 
Teizi. As detailed above all are geologically related and 
part of a two-domain (1600 and 1250 m.y.) geochronological 
association. It is assumed for the present that mineral - 
total rock tie-lines have time significance.
(a) Mount Aloysius
Plagioclase feldspar - total rock - alkali feldspar 
triplets come from single hand specimens of several rock 
types. The data (table 10-1) are plotted in figure 10.1 
along with 1600 and 1250 m.y. reference isochrons. Each set 
fits an isochron to within experimental error and the common 
age in three cases (848 ± 8 m.y.) is independent of lithology. 
The younger result for station 54 (770 ± 39 m.y.) could be a 
geological effect. A nearby fault zone of minor displacement, 
the most recent feature in the area, shows signs of low grade 
retrogressive metamorphism. One specimen of mylonitised 
acid granulite from it contains epidote (the only occurrence 
in the area) as a reaction product on plagioclase. It is 
therefore possible that the age has been affected by
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re-equilibration during retrogressive metamorphism 
associated with movement on this fault.
(b) Ewarara
Two similar rocks of qtz+kf+pl+opx+ga+opq mineralogy 
(section 3.4.1(b)) from sites three kilometres apart provide 
feldspar pairs. The ages (table 10-1, figure 10.2) are 
similar and pool at 706 ± 18 m.y., distinctly younger than
that for the total rocks at 1218 ± 29 m . y . .
(c ) Teizi
Plagioclase is a rare phase in this area and only two 
triplets have been analysed. Most data refer to mesoper- 
thitic alkali feldspar - total rock doublets firom the most 
common lithology among the acid granulites (qtz+kf).
Dispersion in Rb/Sr ratio is poor in all cases, resulting 
in large uncertainties in the gradients of the tie-lines 
(table 10-1, figure 10.3). The two triplet isochrons are 
in good agreement (695 ± 32 m.y.) and comparable to most
doublets. One of the latter (GA 2766) is definitely erratic 
for reasons unknown and is excluded from the pooling operation 
which yields an age of 679 ± 32 m . y . . The area sampled
occupies several square kilometres and has a uniform total 
rock age of 1598 ± 36 m.y..
Several general conclusions can be made. All feldspars 
are discordant with respect to their total rock isochrons. 
However in a particular area, feldspar - total rock tie-lines 
are parallel to within experimental error. Ewarara and 
Teizi, at either ends of a prominent outcrop of granulite, 
have identical ages at 697 ± 18 m.y. and are distinctly
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different to the 848 ± 8 m.y. on M t . Aloysius. No
relationship is found between these ages and the age domains 
shown by total rock samples.
10.3 Biotite Data
A regional approach to the geochronology of biotites 
reflects the likelihood that broad scale tectonism will be 
an important influence. It is enforced by the scarcity of 
the mineral owing to the instability of the assemblage 
quartz plus biotite as a result of high metamorphic grade 
and anhydrous conditions. Consequently, biotite is only 
rarely developed in the acid gneisses although it may be 
common in some basic igneous rocks.
Analytical data are given in table 10-2, and sample
locations on plate II. Ages are calculated using either
inferred initial ratios or values computed from present day
87measurements on the rock. Moderate enrichment in Sr 
reduces the effect of uncertainty in initial ratio. Quoted 
error limits are derived from estimates of analytical 
precision and are approximately ± 1.5 per cent at 95 per 
cent confidence.
Ages for samples from M t . Aloysius are in good agreement 
at 760 m.y., suggesting that biotites give a sensitive measure 
of age. Any scatter can be attributed to several factors.
The most obvious, variable thermal history, must be applied 
in several cases as described below. Samples from a single 
area may also show different ages depending upon their mean 
grain size. The smaller the grain size, the shorter the
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diffusion range required to cause effective exchange of 
daughter product. This shorter range will be reached at 
lower temperatures than otherwise, and isotopic closure will 
occur at lower temperatures. Therefore if cooling rates are 
low, retention of daughter product will first occur in 
coarse grained biotites and only later in the fine grain 
sizes. A further complication may be due to the mineralogy 
of biotite through the solid solution between annite and 
phlogopite. Biotites vary in Mg/Fe ratio with a probable 
sympathetic change in diffusional properties in which the 
^9 -rich members have a higher threshold temperature. This 
prediction, based on the greater thermal stability of mag­
nesian phases, is verified at Gosse Pile, where phlogopite 
gives an age of 1104 ± 14 and biotite of 917 ± 10 m.y..
For biotites within the solid solution the change in Mg/Fe 
ratio is not readily detected optically and may cause an 
inexplicable scatter in ages. This effect is suggested as the 
reason for the high results (relative to feldspars) for biotites 
near Ewarara, which are separates from magnesian picrite 
plugs. To reduce the problem, comparison of biotite ages 
should be made after allowance for the chemistry of the parent 
rock. Apart from the exceptions above, the cases to be 
discussed involve similar basaltic rocks.
Examination of Plate II shows a distinct geographical 
pattern to the biotite ages, with a progressive decrease from 
west to east. The Jameson Range and Tollu areas give ages 
of 1070-1140 m.y.. The arc defined by the Blackstone and 
Bell Rock Ranges is slightly younger at 1000 m.y. and further 
east the mica ages decrease to between 700 and 870 m.y..
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Most results from the Jameson Range are approximately 
1100 m.y. with the exception of one near the western margin 
at 692 ± 13 m.y.. The latter has a special geological
context. The northern margin of the Musgrave Block is 
defined by a sequence of metasediments which are distinct 
from,and younger than,the granulites. Meta-quartzite and 
muscovite schist are the characteristic lithologies (see 
chapter 15). Such rocks outcrop 40 kilometres to the 
north-west of the Jameson Range and have a muscovite age of 
700 m.y. (W. Compston, pers. comm.). Biotite ages of 600 
m.y. are found in the type area, the Petermann Ranges 
(Compston and Arriens, 1968) . In the type area, the 
metasediments are unconformatle on a basement dated at 1100 
m.y.. Thus they almost certainly postdate the Jameson 
Intrusion, but are metamorphosed. The young mica age may 
therefore reflect the waning stage of this metamorphism.
The hydrous mineral assemblage of parts of the intrusion 
(Daniels, 1967) may also be a retrogressive effect. The 
preservation of older ages in the eastern part of the range 
restricts the thermal effects of this event to the belt 
occupied by the metasediments, and removes them from the 
Tomkinson Ranges proper. Similarly, the 1086 ± 5 m.y.
biotite at Tollu demonstrates a low temperature environment 
since that time. The volcanic complex has not been 
metamorphosed.
10.4 Interpretation
10.4.1 Confirmation of Mineral Behaviour
If feldspar total rock tie-lines are to have time
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significance, they must be a product of contemporaneous 
isotopic homogenisation. The result of this process will 
be parallel mineral isochrons.
However, in any two-phase rock (i.e. two Rb , Sr-bearing 
phases, and in particular feldspars), data points for phases 
and total rock must define a straight line on an isochron 
plot. Exchange of Sr between the phases will maintain a 
linear relationship regardless of whether homogenisation is 
achieved, because of the necessity of mass balance. If a 
non-zero gradient is generated the present alignment has no 
time significance.
It is therefore necessary to identify the process which 
has been involved. Because the degree of exchange will 
vary in different rock systems in a case of transfer without 
homogenisation, parallel isochrons become a matter of chance. 
Consequently, such isochrons may be taken as evidence for 
homogenisation.
The observed parallelism is so striking that it may be 
concluded that the feldspar results do reflect isotopic 
homogenisation, and record the time when diffusive exchange 
between the feldspars ceased. Certainly, metamorphic 
temperatures exceeded those at which exchange of Sr could be 
expected. In the same way, the alkali feldspar - total rock 
doublets from Teizi can be taken as exchange systems which 
utilise the very small amount of plagioclase available as the 
other member. Erratic distribution of this plagioclase, and 
the resultant varying degree of homogenisation, may account
for the greater scatter in these ages.
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No justification can be given from this study for interpret­
ation of biotite ages as due to diffusive loss of daughter 
product, but this is considered to be well established in 
the literature.
In support of the proposed decreasing temperature of 
daughter retention in different systems, the predicted age 
sequence is found at Mt. Aloysius (total rock - 1250 m.y., 
feldspar triplet - 850 m.y., biotite - 760 m.y.). The 
argument is weakened by the results for the Ewarara area which 
show a biotite age to be 200 m.y. older than the feldspar 
triplets. As outlined above this may be attributed to the 
composition of the mica.
The data and model will now be examined in a geological 
context.
10.4.2 Regional Uplift
A time-temperature connotation can be placed on the data 
which then reveal the pattern of uplift in the Tomkinson 
Ranges. As shown above, biotite ages become progressively 
younger from west to east across the area. Consequently, 
the time at which the rocks reached the 250°C isotherm varied 
in a like manner.
The Jameson Range and Tollu regions first reached near­
surface conditions at about 1100 m.y.. The later locus of 
uplift formed an expanding ripple from the Tollu centre, 
resulting in first the Blackstone - Bell Rock arc, and then 
points further east, reaching high levels. The limited 
feldspar data also show a west to east progression. The
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500°C isotherm was attained at 850 m.y. on Mt. Aloysius, and 
uniformly but later on the Ewarara-Teizi line at 700 m.y.. 
This interpretation is in agreement with the geological 
inference of increasing pressure toward the area of younger 
ages. That is, the rocks from lower levels take a longer 
time to reach the critical isotherms.
The pattern, plus geological information, give some 
clues as to the mechanism of uplift. The change from a 
near-surface slab at Tollu, to an upturned sequence along the 
Bell Rock Range, marks a transition from relative stability 
to a zone of folding. Upward movement of the Michael Hills 
Region relative to the Tollu area is responsible for the 
transition and has caused folding on an axis parallel to the 
cover-basement interface. This deformation, designated F , 
probably overprints F in the Michael Hills Intrusion. It 
folds the intrusion into conformity with the west-dipping 
succession of other basic intrusives and their country rock 
(see Plate II). Differential movement during uplift 
postdates the volcanics (i.e. is less than 1080 m.y. - see 
section 11.2.1) , which are re erystal1ised near the Bell Rock 
Range and have cataclastic textures identical to those of 
the granulites.
Discontinuity in biotite ages between the Bell Rock 
Range and locality 27 suggests the presence of a fault, which 
may be the structure inferred by Daniels (1967). A similar 
situation at the Blackstone Range requires a flanking fault 
on its northern side. In this case, a continuation of the
Hinckley Fault must operate at 750 m.y. to bring 750 and 1000
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m.y. ages into juxtaposition. Elsewhere, however there is 
little evidence for faulting on this lineament at this time, 
as 700 m.y. ages are found on either side in the Wingellina 
and Michael Hills Regions. Scattered 900 m.y. ages may 
reflect erratic vertical movements in the complex fault zone 
between the Hinckley Fault and the Ewarara-Teizi exposures.
The younger results for feldspars from the latter outcrops, 
imply faulting along the lineament X-Y in Plate II.
Thus the primary mechanism of uplift is seen to be 
vertical movement on latitudinal fault zones which upraised 
slabs of metamorphic basement at different rates. More 
concrete evidence for uplift in this period can be found 
in the interaction of the Musgrave Block and the Officer 
Basin. Sedimentation in the basin began at about 700 m.y. 
(section 2.3.3), probably in response to subsidence concomitanl 
with uplift of the basement. Erosion of the rising 
metamorphic complex provided a source of clastic sediment. 
Unconformities between basinal sedimentary rocks and the 
older volcanics (Nesbitt and Talbot, 1966; Daniels, 1969a) 
also suggest tectonism in this time interval.
10.4.3 Petrological Relevance
The mineral assemblages of garnet-bearing granulites 
can be subdivided into a coarse grained, primary association 
and a coronal, secondary modification (section 3.4.1). The 
coronae are attributed to garnet-forming reactions which 
occur if P-T conditions pass into the garnet stability field 
across the reaction boundary (see figures 3.3 - 3.5). The 
two limiting pathways are increasing pressure at constant 
temperature or decreasing temperature at constant pressure.
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A definite correlation exists between the formation of 
secondary mineral assemblages and feldspar ages. At Mt. 
Aloysius, where the coronae are sparingly developed, the 
feldspar age is 850 m.y.. At Ewarara and Teizi the secondary
assemblage often dominates the mineralogy, and feldspar 
triplets have ages of 700 m.y..
It is clear that temperature reached a maximum at about 
1250 m.y. when the primary assemblage formed during the main 
granulite facies metamorphism. After that time the region 
slowly cooled (although heat input did occur after 1250 m.y. - 
see chapter 14) and passed approximately 500°C at the time 
indicated by feldspar ages. It follows that the Ewarara- 
Teizi area cooled much more slowly than Mt. Aloysius and it 
is the former region where the secondary mineral assemblage 
is abundant. The correlation of cooling rate and metamorphic 
reactions implies that the transition into the garnet field 
resulted from a decrease in temperature (thereby minimising 
decrease in pressure). A low cooling rate allowed more 
complete reaction because temperatures remained for longer 
times at levels with relatively favourable reaction kinetics.
It is not implied that the coronae formed throughout the 
period 1250 to 700 m.y., but rather in the short time between 
crossing the boundary of the garnet field and the intervention 
of unfavourable kinetics. The length of this time as dictated 
by cooling rate, determines the development of coronae.
The occurrence of these retrogressive reactions in anhydrous 
rocks is probably due to a starting point at a relatively
high temperature.
155
10.4.4 Implications for Exchange Equilibria in Granulites
The crux of the isotopic behaviour of feldspars in 
metamorphic rocks lies in the postulated homogenisation of 
Sr at temperatures as low as 500°C. If so, other elements 
are equally capable of exchange between feldspars or any 
other phase of comparable diffusional characteristics. This 
limits the maximum temperature registerable by exchange 
geothermometers to that of the critical isotherm if the 
system is exposed to a slowly-cooled environment. Such 
measurements cannot refer to granulite facies metamorphism 
which undoubtedly occurs at much higher temperatures.
Evidence for, or suggestive of this effect, appears in 
several studies.
(a) Oxygen isotope geothermometry in the Musgrave Ranges
(Wilson e t a1 . , 1970) indicates temperatures between
500 and 600°C that are presumed by these authors to 
be due to late-phase metamorphic equilibration.
(b) The magnetite-ilmenite geothermometer (Buddington and
Lindsley, 1964) yields temperatures for granulite
facies metamorphism that are lower than inferred by 
petrological means (de Waard, 1967, and herein).
Wilson e t al . (1970) report similar results (600°C)
in the Musgrave Ranges.
(c) Fractionation of sulphur isotopes in the Broken Hill, 
N.S.W. area (Grootenboer and Schwarcz, 1969) gives a 
temperature of equilibration of 540°C for sulphides 
metamorphosed under lowish, intermediate-pressure 
granulite conditions (Green and Ringwood, 1967a) . This 
result is interpreted here as an indication of late-stage
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equilibration because metamorphic temperatures were 
distinctly higher (Binns , 1969) .
The three methods give temperatures of equilibration 
between 500 and 600°C which are well below those attained in 
the granulite facies (figure 3.3). However the temperatures 
are comparable to the estimate of Hart et a1 . (1968) for the
diffusional threshold in feldspars. Since feldspars exchange 
after the climax of metamorphism, it may be concluded that 
the above form of geothermometry correctly registers a later 
stage of lower temperature. Virgo (1968) claims that 
differences in Sr partition coefficients between coexisting 
plagioclase and alkali feldspar in granulite and amphibolite 
facies rocks indicate higher temperatures in the former.
In view of the possibility of re-equilibration it is likely 
that the distribution coefficients reflect different cooling
histories.
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CHAPTER ELEVEN: THE TOLLU ACID IGNEOUS SUITE
11.1 Introduction
The suite of volcanic and high level intrusive rocks 
in the Tollu area has been a focal point of previous geological 
investigations in the Tomkinson Ranges. Field workers 
recognise several rock types (acid volcanics, granophyre, 
basalt and gabbro) whose features and geographic distribution 
are described in chapter two and in part here. The isotopic 
data will be considered in terms of these field units.
Unless otherwise stated, the rocks have undeformed igneous 
textures. The ages are taken as the time of emplacement, 
the isotopic system being fixed by relatively rapid cooling 
in a high level, low temperature environment.
Regrettably none of the basic rocks, volcanics or 
intrusives, has been studied because the author has been 
unable to visit their exposures.
Several of the samples analysed come from the collection 
of Dr. J.L. Daniels of the Geological Survey of Western 
Australia.
11.2 Isotopic Data 
11.2.1 Acid Volcanics
Compston and Nesbitt (1967) give Rb-Sr analyses for 
four felsites and tuffs from Tollu. The published isochron 
(1060 ± 140 m.y., Ri = .705 ± .007) includes an acid
porphyry from Warburton, W.A. (150 kilometres to the west) 
which must be rejected on geographical grounds - the age
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becomes 1100 ± 140 m.y., Ri = .704 ± .009. Both new and
old data for several localities and a variety of rock types 
(table 11-1, figure 11.1) are dispersed about a straight line 
in excess of experimental error - regression yields an age 
of 1058 ± 66 m.y., Ri = .708 ± .005 (model four, MSWD = 80.0).
These rhyolites and rhyodacites are often porphyritic, with 
potassium feldspar and sometimes quartz phenocrysts which 
may show signs of resorption. The groundmass is very fine 
grained, flow banded and derived by devitrification of glass. 
Alteration is evidenced by chlorite in the groundmass and 
development of epidote in plagioclase crystals. Sample 
GA 2393 is exceptional, having the typical volcanic mineralogy, 
but a metamorphic texture with sutured grain boundaries and 
some polygonal grain aggregates. Its great divergence from 
the isochron must be due to a different deformational history 
with associated chemical change. When omitted, the isochron 
indicates an age of 1090 ± 66 m.y., Ri = .708 ± .006 (model 
four, MSWD = 47.6) . The reduction in MSWD is in fact not 
significant, but rejection of this specimen is justified on 
geological grounds.
The nearby granulites (e.g. locality 25) have very 
similar deformational textures to GA 2393. This, the only 
deformed volcanic, marks the western extent of the folding 
phase involved (F^ - see section 10.4.2) and provides an older 
time limit for it of 1090 m.y.. The age of GA 2393 as an 
individual specimen, 964 ± 14 m.y. (assumed Ri = .707) , may
indicate the time of folding which is recorded at 1000 m.y. 
in nearby biotite determinations. However, other samples 
without petrographic peculiarities show scatter to high and
Table 11 1
Analytical Data - Acid Igneous Rocks
Sample Locality Rb ppm Sr .ppm 8 7 R b / 8 6 S r 8.7Sr/86
Volcanics
311-1 Tollu 215. 106. 5-68 •7989
311-6 tt 211. 6l. 9.78 .8633
311-7 tt 204. 71. 8.06 .8297
311-10 ft 91. 160. 1.56 .7287
70-168 B ft 81.5 157.9 1.494 .7316
70-168 C tt 205.1 56.0 10.746 . 8660
70-174 ft 182.0 79.2 6.707 .8130
GA 2391 Skirmish Hill 183.7 56.3 9.549 .8416
GA 2392 Tollu 257.6 72.2 10.470 .8722
GA 2393 Bell Rock Rge. 223.4 49.2 13.344 .8869
GA 2394 Skirmish Hill 208.6 48.6 12.629 .8998
Granophyres
GA 2365 Circus Hill 164. 141. 3.21 .7588
GA 2366 tt 86. 248. 0.95 .7201
GA 2367 ft 112. 210. 1.47 .7293
GA 2369 Bell Rock Rge. 153. 190. 2.23 .7414
GA 2371 ♦! 147. 239. 1.69 .7327
GA 2375 Tollu 138. 178. 2.13 .7403
GA 2376 tt 136. 184. 2.03 .7386
GA 2377 tt 218. 102. 5.90 .7997
70-169 tt 185.4 116.1 4.644 .7788
70-170 tt 186.7 85.8 6.346 .8065
70-171 ft 214.5 80.6 7.769 .8264
70-172 tt I88.5 113.8 4.815 . 7 7 9 5
Granite
69-175 Tollu 418.4 59.5 20.911 I.OI93
69-176 TR tt 463.3 44.1 31.716 1.1779
69-176 KF tt 969.4 60.6 49.433 1.4247
69-176 PL tt 30.9 17.3 5.199 .8114
69-178 ft 413.0 56.7 21.717 1.0322
GA 2386 ft 418.5 49.6 25.285 1 .O899
69-181 TR Lightning Rocks 144.3 267.4 1.562 .7340
69-I8I KF tt 370.5 411.0 2.613 .7496
69-I8I PL tt 18.9 172.7 0.316 .7150
69-182 tt 262.0 163.5 4.659 .7808
69-I83 tt 245.8 107.7 6.655 .8081
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low ages as discussed below, and the similarity in age may 
be fortuitous.
11.2.2 Granophyres
Granophyric rocks, apparently distinctive in the field, 
are reported over a wide area in geological situations ranging 
from large masses to small dykes (Daniels, 1969b). The 
samples analysed are mainly from a traverse across the Tollu 
exposure, but include dykes from the Bell Rock Range.
Several of the former are rhyodacites rather than granophyres. 
The data (table 11-1, figure 11.1) define an age of 1113 ±
29 m .y ., Ri = .7065 ± .0015 (model two, MSWD = 3.3). The 
isochron includes samples analysed in 1968 by Dr. W. Compston 
which have been corrected approximately for bias relative to 
the present data introduced through the use of different 
spikes. There is more uncertainty in the age determination 
than the value indicated for the standard error of precision 
for the isochron slope. If the older data are regressed 
on their own, the age is 1089 ± 57 m.y..
11.2.3 Granite
A porphyritic biotite granite forms isolated exposures 
south of Tollu. Bowden (1969) considers it to be basement 
to the volcanics, but it may well be related to them.
Four total rock specimens have little dispersion in Rb/Sr 
ratio (table 11-1, figure 11.2) and consequently give an 
imprecise age of 1057 ± 85 m.y., Ri = .71 ± .03 (model one, 
MSWD = 3.0). A biotite registers 1086 ± 5 m.y., a result 
which is independent of uncertainty in initial ratio because
1-
50
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8 7 8 6of the very high Sr/ Sr ratio (24.43) . A feldspar pair
and its total rock have a common age of 995 ± 9 m.y., Ri =
.736 ± .001 .
It is clear from the isochron plot that the ages for the 
feldspars and biotite are incompatible. Two possible 
regressions are -
(i) total rocks plus biotite
1084 ± 17 m.y., Ri = .702 ± .006 (model one, MSWD =
2.7)
(ii) total rocks plus feldspars
977 ± 29 m.y., Ri = .740 ± .005 (model two taken,
MSWD = 8.7)
The former is preferred statistically because it is a model 
one solution. Anticipating the conclusion of section 11.2.4 
(b), it can be shown that the age of intrusion corresponds 
to that given by the total rocks and biotite. Such dis­
cordancy, where biotites appear older than feldspars, is 
reported for similar granitic rocks by Arriens et a l . (1966) . 
They consider it due to exchange of Sr between coexisting 
feldspars without effect on the biotite. The thermal 
sensitivity of biotite (section 10.1) removes metamorphism 
as an explanation - its age would then be significantly younger 
than the total rocks.
Brooks (1966, 1968) clearly demonstrates that chemical
redistribution takes place during alteration of feldspars, 
the secondary phases accommodating the transferred Rb and 
Sr. This is the likely explanation in the present case as 
the microcline is prominently sericitised. Consequently the
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feldspar - total rock line has no time significance. All
known cases of this phenomenon occur in highly fractionated
granites where there is a marked difference in Rb/Sr ratio
between the plagioclase and alkali feldspar. When sufficient
time has elapsed after emplacement for the Sr in the two
8 7 8 6feldspars to differ greatly in Sr/ Sr ratio, even slight 
alteration and surface exchange will cause drastic changes in 
the isotopic composition of feldspar plus alteration. It 
is detectable primarily because of the low total Sr content 
as only a small amount of exotic Sr added to either phase 
has a significant effect on its isotopic composition. The 
unusual chemistry of these granites is thus the primary 
explanation. Granodioritic rocks probably behave in a
similar way, but have Sr contents that are too high for 
discordance to be detected.
11.2.4 Inter-relations of Acid Igneous Rocks in the 
Tollu Area
(a) Acid Volcanics and Granophyres
Daniels (1967) makes a sharp field distinction between 
acid volcanics and granophyres as unrelated rock types.
However several features suggest a close genetic relationship 
and indeed a physical gradation. Contacts between the two 
as described by Blight (1969) and Bowden (1969) are both 
gradational and intrusive (granophyre into volcanics) .
Petrographically and chemically, a complete spectrum of rocks 
between 'typical' granophyre and volcanic can be found. Table 
11-2 outlines the petrographic features of the end members.
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Rocks classified in the field as volcanics, on for example 
porphyritic or glassy nature and flow banding, are verifiable 
as such microscopically. 'Granophyres' show a complete
range between true granophyre and rhyodacite and may not 
contain the characteristic quartz - alkali feldspar inter­
growth. The intimate geological association of these 
lithologies is that of an extrusive volcanic succession 
intruded by, or perhaps even in sequence with a contempor­
aneous, high level phase of the same magma. The varying 
textural features are explained by different cooling rates 
and the effects of magma flowage. For these geological
reasons it might be presumed that both volcanics and 
granophyres have the same age.
No isotopic difference between the volcanics and 
granophyres can be detected in either age or initial ratio. 
The above geological arguments and isotopic similarity are 
therefore interpreted as signifying the extrusion of all 
rocks at one point in time. The data can then be grouped 
into an isochron of 1087 ± 35 m.y., Ri = .708 ± .003 (model
three taken, MSWD = 21.7) . For these reasons and chemical 
grounds described below (section 11.3), the two rock types 
are combined and hereafter referred to as felsites.
The individual isochrons show a scatter of data points 
in excess of experimental error. This is due to both 
analytical bias, as discussed above, and geological effects. 
The cause of the isotopic disturbance is not known, although 
two possibilities can be suggested. Inadequate sampling of 
a sequence of rocks with variable initial ratio and identical 
age may be a partial explanation. However some specimens
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have unrealistic initial ratios at 1080 m.y.. Open system 
behaviour after extrusion seems more likely, as the volcanics 
are peculiarly susceptible to hydrothermal alteration, 
devitrification and burial metamorphism. This may be 
associated with folding as implied by the 960 m.y. age for 
a deformed lava (GA 2393 - section 11.2.1) . Partial
exchange of Sr between total rock samples could produce 
scatter to apparently older and younger ages. Alternatively, 
leaching of Rb by hydrothermal fluids may alter Rb/Sr ratios 
without affecting the isotopic composition. An explanation 
related to particular characteristics of acid volcanics 
is likely because other cases can be cited (Fairbairn and 
Hurley , 1969) .
(b) Granite
The biotite - total rock age for the granite (1084 ±
17 m.y.) is similar to that for the felsites (1087 ± 35 m.y.).
No isotopic differences can be detected between the two rock 
units .
The geological relationship of these rocks is not known 
because of poor outcrop. There are two possibilities.
The first is that of a younger granite intruding a slightly 
older volcanic suite. The second invokes comagmatism of the 
granite and the felsites with formation of both during one 
event in time. The isotopic ages clearly show that the 
granite is not basement to the felsites.
It is postulated that the granite and felsites are 
comagmatic and have a common age given by the following
pooled results.
165
All total rock data:
1087 ± 23 m .y ., Ri = .7076 ± .0015 (model four, MSWD
= 18.9)
Total rocks plus biotite:
1076 ± 17 m.y., Ri = .7084 ± .0020 (model four,
MSWD = 18.3)
Geological support for amalgamation is limited to the 
undeformed nature of all the rocks and proximity of outcrop. 
Definite chemical arguments are presented in section 11.3.
The latter age is taken to be that of the acid magmatism in 
the Tollu region. The high precision is derived from the 
granite data and must be regarded with caution because all iso­
chrons do have characteristics which indicate some isotopic 
disturbance. The best geochronological control is the 1084 
± 17 m.y. determination on the granite. It is possible that 
the felsites are slightly older. There may also be unresolved 
differences in initial ratio, as that for the granite in 
particular is poorly known.
11.3 Geochemistry
Analytical data for these rocks are limited and this 
discussion will fix on salient points only. Its purpose is 
to examine the chemical homogeneity of the rocks for further 
clues as to their affinities. The primary consideration is 
to determine the effect of crystal fractionation on chemical 
composition and afterwards to look behind that stage for 
evidence on magma genesis.
Bulk compositions are typical of granitic rocks with 
the exception of an unusually high K content as can be seen
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from the plot of normative anorthite, albite and orthoclase 
(figure 11.3). The rocks fall close to the low temperature 
trough in the silica saturated system (James and Hamilton,
1969), but are displaced toward orthoclase relative to the 
field of granites after Tuttle and Bowen (1958) . An histo­
gram of K values (figure 11.4) shows a striking maximum 
between 4.5 and 5.0 weight per cent K. Total rock analyses 
by Nesbitt (1966) , Blight (1969) and Bowden (1969) are 
included and some new analyses are included in Appendix III.
The R b , Sr, U and Th contents and K/Rb and Th/U ratios 
of some few specimens are displayed in figure 11.5. Relative 
to the data of Clark et a l . (1966) , Heier and Rhodes (1966) 
and Taylor (1968) (see table 9-1), the acid suite has low Sr, 
average to low U, average Rb and high K and Th contents.
It must be stressed that Th is in unusually high concentration. 
Th/U ratios are high with respect to the tightly constrained 
igneous average of four. K/Rb ratios are normal at 220 
with the exception of the granite which is 110.
Trace and major element analyses demonstrate the 
continuous spectrum of compositions between granophyres and 
volcanics. The granite also displays the specific 
characteristics of this suite (high K and Th), but is more 
highly fractionated as is shown by high R b , U, Th and low 
Sr abundances and low K/Rb ratios. It is very similar to 
rocks from the Heemskirk Granite (Heier and Brooks, 1966) 
and Rum Jungle Complex (Heier and Rhodes, 1966) . The shared, 
unusually high K and Th abundances and high Th/U ratios, 
suggest a close relationship between all acid igneous rocks
in the Tollu area.
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11.4 The Tollu Suite of Acid Igneous Rocks
The igneous rocks exposed at Tollu have common features 
indicative of comagmatism. Chemical similarities and 
petrological gradation coupled with intimate field relations 
are strong evidence. Furthermore, age determinations show 
essentially contemporaneous emplacement and similar initial 
ratio s .
It is concluded that all lines of evidence support the 
geological contention that the Tollu region is a dissected 
acid volcanic pile. The volcanics are the remains of 
extrusive material, the granite is a subvolcanic intrusive 
and the granophyres are high level intrusives into the pile, 
all being phases of the one magma. This complex episode of 
magmatism is referred to as the Tollu Acid Igneous Event 
(1076 ± 17 m.y.) and the rocks as the Tollu Acid Igneous 
Suite .
The model clarifies a number of geological features such 
as the occurrence of volcanic breccias (Bowden, 1969) which 
would be expected in the higher levels of a volcanic pile.
The granite, which is not basement to the volcanics as 
claimed by Bowden (1969) , outcrops within the core of an 
anticlinal structure, consistent with its lower level origin.
It must be stressed that the basaltic rocks exposed at 
Mummawarrawarra and Macdougall Bluff, and interlayered with 
acid lavas at Tollu, have been ignored because of lack of 
material. This complementary volcanic-plutonic association 
adds a further dimension to the history of the region which
is briefly discussed later.
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11.5 Wingellina Identified
The age of the Tollu Acid Igneous Event (1076 ± 17 m .y .) 
recalls that for the felsic gneisses at Wingellina (section 
4.4). Isotopic data for the gneisses can be described by 
two parallel isochrons which have a mean age of 1078 ± 9 m.y. 
and initial ratios of .708 and .718 . Identical age
determinations strongly imply a close relationship. The 
gneisses may then be a recrystal1ised member of the Tollu 
Suite (i.e. of igneous origin) or a product of the thermal 
effects of magmatism on pre-existing rocks (i.e. of meta- 
morphic origin) .
A metamorphic derivation is suggested by the well 
developed layering, metamorphic textures and parallel iso­
chrons. These features are however not inconsistent with 
magmatic genesis, which is supported by the occurrence of 
agmatites, where the acid material intrudes basic granulite 
(Smith, 1970) . On this model, layering results from 
intrusion as a parallel dyke swarm, while metamorphic 
textures are due to post-consolidation deformation at high 
temperature. High Rb/Sr ratios combined with low initial 
ratios require either pronounced fractionation at 1080 m.y. 
or addition of new crustal material. Either possibility 
can be achieved by igneous emplacement. However isochemical 
metamorphism of 1600 m.y. granulite is precluded. Perhaps 
decisive in establishing a connection with the Tollu magma 
is the otherwise mundane occurrence of sphene rims to opaques 
(probably ilmenite). Sphene, an amphibolite facies mineral, 
is restricted to, and has identical features in, rocks from 
Tollu and Wingellina. Chemical data depicted in figure 11.5
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are similar in both areas with the characteristic high K, Th 
and Rb and low U contents and low K/Rb ratio. The K/Rb 
ratio at locality 11 (320) is however unusually and signif­
icantly high. Note that as shown in section 13.3.2 the 
chemical data may also be used to equate these rocks with 
the granulites and cannot alone support an igneous origin.
For the above reasons the acid gneisses at Wingellina are 
taken to be a recrystal1ised plutonic phase of the Tollu Suite 
magma. The area thus adds to the range of igneous phenomena 
exposed as it may well be a root zone of the surficial 
processes of volcanism as at Tollu. Alternative hypotheses 
(section 4.4) cannot explain the geochemical links with the 
rocks at Tollu. One possibility which is difficult to 
discount is metamorphism of part of the volcanics themselves. 
The tectonic gyrations required to do so are unlikely# but 
not impossible. The textures of the rocks however retain 
traces of their coarse grained beginnings and the gneisses 
are unlikely to be re crystal1ised volcanics. Igneous 
parentage established, the high initial ratio of one member 
implies incomplete mixing of the magma and shows that the 
suite cannot be regarded as a simple blood line. Although 
intruded over a narrow time range, different phases can now 
be recognised. Analogy with the Heemskirk Granite (Brooks 
and Comps ton, 1965) is maintained - chemical similarities 
remain and initial ratio variation occurs.
The difficulty of updating total rock systems is clearly 
demonstrated. The intrusive age survives at Wingellina, 
even though complete recrysta11isation has occurred at
amphibolite facies grade. This confirms the conclusion for
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metamorphic rocks, but is in marked contrast to the felsites. 
The age of syntectonic or synmetamorphic granites (i.e. 
foliated or recrysta11ised) is thus likely to reflect 
intrusion. If other evidence points to emplacement at the 
climax of metamorphism we have a means of dating this overall 
event. This has previously been done for the Minno 'granite'
( section 4.3.3) .
Finally, a further pooled age for the Tollu Acid Igneous 
Event can be obtained by including the Wingellina results - 
1078 ± 7 m .y ..
11.6 The Lightning Rocks Adamellite
Located west of the Cavenagh Range, Lightning Rocks 
comprises isolated outcrops of hornblende adamellite. The 
region, unfortunately poorly exposed, is of great interest 
as it marks the westernmost exposures of granulites and 
intrusions of the Giles Complex. The plutonic rocks give way 
to the volcanic association of the Warburton region.
The isotopic data (table 11-1, figure 11.6) represent 
an adamellite, its separated plagioclase and microcline and 
two aplite dykes. All are assumed to be cogenetic. They 
define a model one isochron of 1062 ± 18 m.y. and have an 
initial ratio of .7106 ± .0007 . The adamellite is thus on
age grounds another member of the Tollu Acid Igneous Suite, 
distinguished by its high initial ratio.
11.7 The Musgrave Acid Igneous Province
The magmatic history of the Tomkinson Ranges includes
cd a
O 2
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the short, but intense period of acid igneous activity 
referred to here as the Tollu Acid Igneous Event. Similar 
rocks and associations, some of which have comparable 
radiometric ages, occur throughout the Musgrave Block - 
see Plate I.
(a) The Winburn Granite, a complex high level granite and 
granophyre body (Daniels, 1969a) , is intrusive into 
lavas of the Warburton volcanic region. A Rb-Sr 
isochron gives an age of 1030 m.y. (W. Compston, pers. 
comm.). The granite outcrops to the west of Lightning 
Rocks and is younger than the adamellite there.
(b) Between Warburton and Winburn Rocks a vast volume of 
extrusive material is exposed over an east-west strike 
length of 80 kilometres. The Bentley Supergroup is a 
6000 metre thick sequence of predominantly acid volcanics 
with lesser basic volcanics and sediments. The detailed 
stratigraphy is described by Daniels (1969a) who correlates 
his Pussy Cat Group with volcanics in the Tollu area, 
giving it thereby an age of about 1080 m.y.. This 
inference is confirmed by the time of emplacement of the 
younger Winburn Granite (1030 m.y.). The upper limit
in age for the sequence is approximately 700 to 800 m.y. 
because it is overlain by a Proterozoic glacial unit.
(c) Volcanics occur along the northern margin of the 
Musgrave Block between Giles, W.A. and Bloods Range, N.T.. 
The rocks, amygdaloida1, epidotised basalts and acid 
porphyries (Forman, 1966) , are overlain by the Dean 
Quartzite which has a minimum age of 700 m.y. - see
section 15.2(d).
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(d) Granitic intrusions of the Pottoyu Granite Complex 
(Forman, 1966) may be related to the volcanics (c) .
Two whole rock specimens have Rb-Sr ages of 1150 and 
1160 m.y. (Compston and Arriens, 1968 - assumed initial 
ratio , .705 ).
(e) Extensive outcrops of hornblende adamellite are found
in the Kulgera Hills and Ayers Ranges (Wilson, 1960) . 
Muscovite from a pegmatite has a Rb-Sr age of 1070 m.y. 
(Wilson et a l ., 1960). The orthopyroxene adamellites
of the Musgrave Ranges are typified by the Ernabella 
Adamellite (Wilson, 1960) which has been dated by Arriens 
and Lambert (1969) at 1120 ± 100 m.y., Ri = .7106 ± .0014 .
Mineralogica1 differences between the above rocks reflect 
changes in the physical conditions of emplacement and
are matched by variations in the metamorphic grade of 
the country rock.
(f) The Illbillie Adamellite in the Everard Ranges (Thomson
in Parkin, 1969) is older than the type A dykes (A.D.T. 
Goode, pers. comm.) as are rocks of the Tollu Suite at 
Wingellina. Granitic rocks are reported along the
southern margin of the Musgrave Block by Sprigg and 
Wilson (1959 ) , but their affinities are unknown. A 
rhyolite dyke outcrops south of the Tomkinson Ranges 
(Thomson in Parkin, 1969) .
(g) The Mann Ranges are predominantly granitic rocks of 
unknown age (Thomson et a1 . , 1962 ). Thomson (1970) 
considers them to be equivalents of granites found 
throughout the Musgrave Block.
Table 11-3 details the above age determinations.
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TABLE 11-3
Age Determinations on Granitic Rocks within the Musgrave
Block
Locality or Unit Age (m • y.) Initial Ratio
Tollu Acid Suite 1077 ± 16 .707 ± . 002
Wingellina 1078 ± 9
Lightning Rocks Adamellite 1062 ± 18 .7106 ± . 0007
Winburn Granite 1030
Pottoyu Granite Complex 1155
Kulgera 1070
Ernabella Adamellite 1120 ± 100 .7106 ± .0014
On the present evidence of ages between 1030 and 1150 
m. y . , and the similarity of geological association, a regional 
acid igneous event can be postulated. It involved gener­
ation of acid (and to a lesser extent basic) magma on a vast 
scale within a restricted time range, and has profound 
significance in the geological history of the Musgrave 
Block. The igneous rocks manifest physical conditions of 
emplacement ranging from granulite facies metamorphism to 
extrusion. Their present distribution within the block is 
such that volcanics are marginal and plutonics more central. 
This arrangement is due to vertical movements which were more 
pronounced toward the centre of the block. They caused 
erosion of the once continuous volcanic carapace which is now 
only preserved around the flanks.
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Other authors scent this hypothesis. Nesbitt (1966) , 
Thomson (1966) , Compston and Nesbitt (1967 ) and Horwitz and 
Daniels (1967) propose lithological correlations between 
the westernmost members of the suite. Thomson (1970 and in 
Parkin, 1969) has independently come closest by placing 
granitic rocks throughout the block into not one, but two 
age groups at 1400 and 1100 m.y.. The older is based on a 
single total rock Rb-Sr determination on the Illbillie Adam­
ellite which is however dependent on an assumed initial ratio. 
The age is invalid for this reason and could equally well be 
1100 m.y. as postulated herein.
Expansion of view from Tollu reveals a grand scale 
magmatic episode in what can be labelled the Musgrave Acid
Igneous Province.
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CHAPTER TWELVE: THE GILES COMPLEX
12.1 Introduction
Perhaps the most striking geological feature of the 
Tomkinson Ranges is the Giles Complex, with its basic, layered 
intrusives, areal extent, great size of individual bodies and 
unusual petrology. Comagmatism, or at least similar genesis 
of members over a short time interval, is suggested by shared 
characteristics - tholeiitic and plagioclasic nature, various 
types of igneous layering and general petrological similarity 
(see section 2.3.2).
Strontium isotopic ratio measurements aim at
(i) identifying mantle-derived Sr at the time of 
intrusion;
(ii) following the internal differentiation history 
of the complex, and perhaps tracing the source 
region of its magma;
(iii) allowing a comparison with the initial ratios of 
other rock units, particularly nearby acid 
volcanics, to establish their inter-relations.
Such hopes must be tempered by the limitations of a recon­
naissance study.
12.2 Age of the Giles Complex
The Giles Complex, remaining inscrutable to the end, 
allows no direct measurement of the time of its emplacement. 
Because of low Rb/Sr ratios in total rocks (Rb = 0-8 ppm,
Sr = 200-400 ppm), in a Rb-Sr sense it provides analytical 
problems on a par with lunar rocks coupled with greater
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geological complexity. Internal mineral isochrons are of 
no value due to post-intrusion Sr exchange (see chapter ten).
Field relations, which place it between the and F^
folding phases, suffice to confine the age within reasonable 
limits. Granophyre dykes intruding the upper contact of 
the Bell Rock Intrusion are part of the Tollu Acid Igneous 
Suite described in the previous chapter and dated at 1076 
± 17 m.y.. A further lower limit is set by the biotite age 
determinations from the Jameson Intrusion, the oldest of 
which at 1146 ± 23 m.y. (section 10.3) is likely to be a 
minimum age. The South Mt. Davies Intrusion probably 
crosscuts the Minno 'granite' (section 4.3.3) , although the 
actual intrusive contact is not exposed. Textural contrast 
between slightly re crystallised gabbro and completely 
recrystal1ised 'granite' suggests that the former is younger. 
The age of 1252 ± 29 m.y. for the Minno rocks provides an 
upper limit to the Giles Complex which must then have been 
intruded between 1140 and 1250 m.y. - for convenience taken 
as 1200 m.y.. Nesbitt et a1 . (1970) report an 1100 m.y.
age for an acidic vein within the Blackstone Intrusion, 
which they interpret as the time of emplacement. Petro­
graphic examination of one such rock by the author shows it 
to be a granophyre dyke of the type described above - it can 
only give a minimum age.
12.3 Subdivision of the Complex
8 7 8 6Table 12-1 gives Sr/ Sr ratio measurements on Giles 
Complex rocks, with details on rock type, position in the 
layered sequence and mineral compositions where available.
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Present day 87Sr/86Sr ratios are corrected to initial ratios 
at 1200 m.y. using Rb/Sr ratios determined by X-ray 
fluorescence spectrometry. In most cases the radiogenic 
increment is small. Eleven bodies are represented by 
several analyses which show definite internal and between- 
intrusion differences.
Geological information on the complex can be found in 
chapter two. The intrusions fall into anorthositic and 
mafic groups. The former are composed of anorthosite, 
troctolite and gabbro - plagioclase is the dominant mineral. 
The latter contain gabbro, norite, pyroxenite and minor 
anorthosite. Where possible, specimens cover the full 
range of the differentiation sequence exposed.
Anorthositic masses, Bell Rock, Blackstone and Teizi 
Intrusions, appear internally uniform in initial ratio.
Observed variations do not greatly exceed the precision of 
measurement (± .0002). In contrast, the more mafic bodies
display internal variations of differing magnitude. A 
moderate range is found in the Michael Hills and South Mt. 
Davies Intrusions (range .001) , while that of the Hinckley 
and Kalka bodies is larger and up to .004 . in most cases
there is no relationship between Sr isotopic composition 
and position in the sequence. The one exception is Kalka 
where the predominantly mafic section is .7085 and the 
uppermost anorthosite, .7055 . An anorthositic versus
mafic distinction recurs when inter-intrusion variations are 
examined, the former having low (.7043 — .7055) , the latter
high and variable (.705 - .709) initial ratios. An histogram
°f all samples (figure 12.1) is bimodal and the two peaks
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correspond to the two groups. Two minor bands of 
anorthosite in the mafic Hinckley and South Mt. Davies 
Intrusions have the high ratios characteristic of these 
intrusions. These rocks, produced by crystal settling 
in the magma chamber, should not be confused with those of 
the large anorthositic bodies.
The two correlations made between initial ratio and the 
overall composition of intrusions suggest a fundamental sub­
division of the complex. There are a number of criteria, 
briefly mentioned in section 2.3.2, on which a classification 
can be based (data primarily from Nesbitt e t a1 . , 1970) -
(i) the proportion of anorthositic rock - without
exception the bodies can be grouped as predomin­
antly anorthositic (A) or mafic (gabbroic to 
pyroxenitic) (B).
(ii) the mineral compositions found in the fractionation
sequences. These follow (i), type A having
plagioclase compositions below An,., type B above6 b
An. . Olivine is more forsteritic in type B.6 5
(iii) high or low pressure character. Nesbitt e t a1 .
(1970) develop a classification on this basis 
which is criticised below.
(iv) Sr initial ratios as discussed above.
Available data are given in table 12-1 in which the intrusions 
are grouped according to criterion (i) supported by (ii) and 
(iv) .
Geographically, the pressure types follow the crustal 
section (see 2.3.5), the high pressure being Teizi-Kalka, 
and the upper levels, the Bell Rock Range and all areas to
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the west. Mafic intrusions are restricted to the former
or intermediate levels, while anorthositic bodies occur
throughout, but are more common in the latter. Nesbitt
et a1 . (1970) claim that these types correspond to lesser
and greater degrees of fractionation respectively, by
inference from the plagioclase and olivine compositions of
table 12-1. To explain the apparent connection between
differentiation and structural level, they propose the escape
of partially fractionated liquids from high pressure
intrusions to shallower levels. This model is incompatible
with the isotopic evidence, as it leads to either uniform
initial ratios in parent or daughter or a more radiogenic
daughter intrusion because of the greater possibility of
contamination by granulite during the additional emplacement
phase. In general (but not exclusively so) high pressure
bodies have distinctly greater initial ratios (.707) than
those of lower pressure (.7045) because of the greater
proportion of mafic types. To sustain the model, a process
8 7 8 6which reduces the Sr/ Sr ratio of the fugitive melt must 
be introduced. The process cannot be crustal contamin­
ation which will raise the ratio unless basic granulite is 
assimilated: it can only be influx of new magma with less
radiogenic Sr. The result is dilution of the original 
fractionated liquid which will reduce chemical differences 
between parent and daughter, probably leading to less 
differentiated offspring than are found. Apart from 
difficulty in coping with isotopic evidence, the postulate 
is open to criticism because of two notable exceptions to 
the pressure versus differentiation correlation. The Teizi 
Intrusion, demonstrably high pressure, contains An ^
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plagioclase in contrast to the expected An , while the7 0 — 8 0
lower pressure South M t . Davies Intrusion, contrary to 
expectation, has relatively basic An^.^ qq pl3?ioclases.
The scheme of Nesbitt et a l . (1970) is rejected as a
classification because of these anomalies, and as a petro- 
genetic model for its incompatibility with isotopic evidence. 
Nevertheless most anorthositic intrusions are low, most 
mafic intrusions high pressure. The subdivision based on 
rock type seems more fundamental and must be related to 
magma genesis either in its initial phase in the mantle, or 
during residence in the crust. The next section discusses 
the implications of two initial ratio groups.
12.4 Origin of the Initial Ratio Differences
The use of Sr initial ratios as geochemical tracers is 
discussed in chapter eight. For the present, the Giles 
Complex rocks will be compared with the predicted isotopic 
composition of the mantle at 1200 m.y. as derived from 
present oceanic volcanics by the evolutionary model of 
figure 12.3 i.e. .703 ± .001 . Section 12.7 discusses the
validity of this and other models.
It is likely that a single pulse of magma injected into 
a crustal crystallisation site will have a uniform isotopic 
composition as a result of mantle generation processes, 
mixing in transit or convection in the magma chamber. This
last is likely to be a potent process, as it has been 
invoked in the Giles Complex as a means of explaining igneous 
layering (Goode, 1970). Dispersion in initial ratio may
be due to either
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(i) magma pulses with differing Sr isotopic composition 
which may be derived by (a) isotopic variation in 
the mantle or (b) differential contamination in 
transit, or
(ii) varying crustal contamination in the magma chamber.
12.4.1 The High Initial Ratios
The initial ratios of mafic intrusions in the Giles 
Complex range from .7060 to .7085 and are high relative to 
most most modern basaltic rocks and certainly their equiv­
alents at 1200 m.y. (figure 12.3). The only analogues are 
the high fringe of continental basalts - examples are the 
Bushveld Intrusion (Davies et al ., 1970) and the Tasmanian
dolerites (Heier et a l . , 1965 ) . As basic igneous rocks
are certainly mantle-derived, these high ratios require 
special explanation.
An unusual mantle source chemistry enriched in Si, K 
and Rb with a relatively high Rb/Sr ratio and thus more 
radiogenic Sr is a simple explanation. If chemical 
inhomogeneity exists on a small scale, individual magma 
pulses from localised sources may be internally of uniform 
composition, but differ one from another. Internal isotopic 
variation in these bodies, one example of which contains 
evidence for several magma influxes, is so explained.
Crustal contamination is the most common suggestion
because of the higher Rb/Sr ratio of sialic rock and
8 7 8 6consequent high Sr/ Sr ratio. Incorporation of Sr can
occur in several ways and places. Digestion of wall rock
may take place during magma ascent or residence in a lower
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level magma chamber. Mixing processes would probably 
produce isotopic homogeneity. Of the two, contamination 
in transit is less likely because the walls of feeder dykes 
will become armoured with chilled rock. In situ effects 
in the final chamber might involve isotopic exchange due to 
movement of fluids between country rock and magma as 
postulated by Pankhurst (1969) . This process is however 
in conflict with the limited mobility of Sr in the granulites, 
absence of hydrous alteration and presence of unaffected 
intrusions. Assimilation of country rock is more likely,
although granulite xenoliths are uncommon in the complex.
8 7If the uncontaminated magma contained 200 ppm Sr with Sr/
8 6Sr = .7044 (that of the low initial ratio group) and
consumed granulite with a similar concentration and ratio 
of . 720 (a reasonable estimate - see section 13.4.2) , to 
produce the observed .707 ratios requires a granulite/basic 
magma ratio of 1/5. Such large scale contamination must 
be observable in the form of xenoliths or acid residua 
near top contacts, both of which are absent. To be 
acceptable such an hypothesis must involve complete 
disappearance of these features and account for restriction 
of the process to mafic intrusions. Further complications 
are introduced by the reduction in initial ratio in the 
higher levels of the Kalka Intrusion: contamination requires
a gradual increase with level (the residual liquid becomes 
progressively more contaminated). This simple situation is 
not observed. There are many combinations of inefficient 
convectional mixing or variable contamination and new influxes 
of magma which will explain fluctuations in isotopic 
composition. If assimilation takes this form it does
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satisfactorily explain the variations found. Crustal 
contamination also requires that magma chambers of mafic 
intrusions behave differently to those of anorthosites at 
the same crustal level. Assimilation is allowed in the 
former, but not in the latter. This is most unlikely. In 
conclusion, crustal contamination models are unconvincing 
and mantle genesis provides a better explanation for the Sr 
isotopic ratio measurements. It is reiterated that the 
correlation between magma type (anorthositic versus mafic) 
and initial ratio can hardly be due to chance and must 
reflect magma genesis, be it in the mantle or in crustal 
chambers.
12.4.2 The Low Initial Ratios
Initial ratios between .7043 and .7050 as found in the 
anorthositic rocks are marginally higher than for equivalent 
oceanic basalts (.703 ± .001), but need no special explan­
ation. Inter-intrusion variation over an east-west distance 
of 180 kilometres is minimal, and internal differences can 
hardly be detected. It is presumed that this Sr is mantle- 
derived from a very homogeneous source region after a simple 
intrusive history without crustal contamination. The 
isotopic composition is identical to that found in other 
anorthosites (Heath and Fairbairn, 1968; section 12.6; 
figure 12.2).
12.5 Genesis of the Giles Complex
There is no doubt that all basic intrusions of the Giles 
Complex are closely related, their geological similarities 
(section 2.3.2) being overwhelming evidence. Nevertheless,
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two classes identified differ in bulk and mineral composition. 
Systematic Sr initial ratio differences are most simply 
ascribed to mantle inhomogeneity, but could be a result of 
in situ contamination. Two processes will be examined in 
an attempt to explain these features.
12.5.1 Orthopyroxene Fractionation
Anorthositic liquids may be generated from a tholeiitic 
magma at high pressure by removal of first-crystal1ised 
orthopyroxene. Goode (1970) suggests that the differen­
tiation sequence of the Kalka Intrusion, orthopyroxenite­
nor i te - ano r tho s i te , is an example. As shown for the model 
of Nesbitt et a1 . (1970) , the fractionated (anorthositic)
liquid should have identical or higher (due to contamination 
by granulite) initial ratios than those of the cumulates, 
but the reverse is observed. To accomplish this requires 
an influx of less radiogenic Sr in a new magma pulse (there 
is no suitable basic granulite contaminant). For the 
residual to remain anorthositic, the incoming liquid itself 
must be anorthositic not basaltic. A simple calculation 
assuming isotopic ratios in the new and old magmas of .703 
(a low estimate) and .7085 (observed) respectively, comparable 
Sr concentrations and a final anorthositic mixture of .7055, 
gives the new/old magma ratio as unity (a minimal estimate). 
The genesis of the anorthosite is thus linked as much to 
the incoming magma as to the residual liquid and closed 
system differentiation is therefore an inadequate mechanism. 
Evidence for several injection episodes is found in certain 
types of discontinuities in the mineral composition sequences 
(Goode, 1970), one of the more important of which occurs at
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the beginning of the anorthosite zone. Goode (1970) 
interprets this as a possible change in melt composition 
which is not related to fractionation: that is, a new
pulse of magma with a significantly different composition.
The double magma pulse required by these data is a chance 
occurrence, and some anorthosites should be within the high 
initial ratio group if the original model is to work. Apart 
from relatively minor bands within the Hinckley and South 
M t . Davies Intrusions this is not so, there being no major 
intrusion of this type. As in situ differentiation of the 
exposed mafic bodies can be rejected, orthopyroxene fraction­
ation as an effective mechanism can only be considered at 
greater depths. There may be a mantle or lower crustal 
environment where anorthosite generation can occur by this 
means. However a parent magma with identical isotopic 
composition to the anorthosites has not been recognised as 
forming a major crustal intrusion. The large volume of 
orthopyroxene cumulates produced may perhaps be the cause 
of the large positive gravity anomaly in the area (Lonsdale 
and Flavelle, 1968). This model admirably explains the 
compositional and degree of fractionation differences 
between anorthositic and mafic bodies, but is negated by 
the isotopic data.
12.5.2 Mantle Source Effects
As discussed above, the initial ratios of anorthositic 
and mafic masses seem likely to be primary, mantle-derived 
features. The correlation with rock type implies two 
source regions of chemistry capable of producing feldspathic 
and mafic liquids, and consistent with different Rb/Sr ratio
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histories. 'Anorthositic' mantle is presumed to have an
unusually high Sr content, but normal Rb/Sr ratio, and high
Na, Ca and A1 contents. 'Mafic1 mantle has an unusually
high Rb/Sr ratio, perhaps analogous to Giles Complex
pyroxenites, but otherwise normal major element composition,
as it produces gabbroic rocks as derivatives. (Thus both
'mantles' that served the Giles Complex are atypical, but
in different senses.) Compositional and initial ratio
differences in the Giles Complex could thus be explained.
Intra-intrusion variations would be due to inhomogeneity
in the mantle on the scale of the volume required to produce
a single magma pulse. It is presumed that mantle of high 
8 7 8 6Sr/ Sr ratio is patchily distributed in normal mantle 
because of its atypicality. Otherwise, the mantle is 
isotopically homogeneous. This property is required to 
account for internal variation being found in mafic bodies 
only. A layered intrusion of the mafic type is composed 
of lithological cycles (Jackson, 1970), some of which are 
associated with fresh magma pulses (Goode, 1970). Each of 
these units has an initial ratio consistent with the pocket 
of mantle tapped. The contemporaneous generation of two 
magma types is due to a common thermal cum tectonic process 
which triggered partial melting in the mantle and is 
ultimately responsible for all the geological phenomena 
discussed in this thesis.
12.6 The Genesis of Anorthosites
The large anorthosite bodies of the Tomkinson Ranges 
are interpreted as derived from an anorthositic magma 
developed in an atypical region of the mantle. Although
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an unusual liquid is produced, the processes and source 
are similar to those of basaltic rocks, so that they will 
share many characteristics and be associated. Examination 
of the literature reveals that anorthosites in general are 
extremely similar and occur in basaltic provinces. It is 
this fact that is the most remarkable feature of these rocks. 
Consequently, the genesis of most major masses can be 
attributed to the above process.
The geology of anorthosite complexes (the term restricted 
to areas predominantly of anorthosite) is often complicated, 
and has led to many hypotheses of origin and several 
classifications of these rocks. The difficulties are 
removed if they are regarded as a single rock type which 
varies slightly according to the physical conditions of 
emplacement, but which may be later modified by tectonic 
processes. The end result is a suite of rocks ranging from 
undeformed layered intrusions to recrystal1ised massif 
anorthosites. This concept of the continuous anorthosite 
series is that of Gray (1967) and Romey (1968) . The Tomkinson 
Ranges provide the most striking example as all five types 
are represented. They are (i) massif type, (ii) massif, 
sill type (both at Paldju), (iii) layered, metamorphosed type 
(Teizi), (iv) major anorthosite-trocto1ite layered intrusions 
(B1ackstone) , (v) minor horizons in gabbroic intrusions
(South Mt. Davies). Basaltic relatives occur as the mafic 
intrusions. Most anorthosite provinces known to the author 
have all or parts of this association, the other notable 
example being the Grenville Province of North America. All 
are startlingly similar in their mineralogy. Plagioclase
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compositions are restricted to the range An . The4 5-60 *
mafic mineral is either olivine or orthopyroxene depending 
on the P-T environment - olivine is unstable relative to 
orthopyroxene on the liquidus at high pressure. The latter 
type intrudes the high grade, tectonically active, lower 
zones of the crust and is thus more commonly found as 
massifs. Figure 12.2 shows initial ratios for anorthosite 
bodies after Heath and Fairbairn (1969) , Heier and Compston 
(1969), Michot and Pasteels (1969) and this work. The 
values are quite characteristic of the rock, and narrowly 
confined between .7040 and .7055 . In addition, oxygen
isotope ratios (Taylor, 1968) show little variation and are 
identical to those of basalts. These brief observations 
confirm the view that all anorthosites are closely related, 
and it is concluded that the above genetic model is applicable 
to all. Strangely, many are of similar age to the Giles 
Complex and emplaced in a very similar environment (see 
chapter 15).
Numerous parent magmas have been suggested and the present 
theory incorporates the long-standing gabbroic anorthosite, 
with the rejuvenated, basaltic school. Anatexis during 
high grade metamorphism, a theory attempting to replay the 
granite controversy, is belied by the above interpretation 
°f field relations and isotopic geochemistry. The Teizi 
Intrusion, which is intermediate between massif and layered 
intrusion types (Gray, 1967), demonstrates the alien nature 
of anorthosites in their country rock. Near their contact 
the anorthosite and acidic and basic granulite have 
decisively different initial ratios (table 12-1 and 
section 4.3.6) .
see
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12.7 Evolution of the Strontium Isotopic Composition in 
the Mantle
In the preceding sections an inhomogeneous mantle 
source has been suggested for basic igneous rocks in the 
Tomkinson Ranges, a proposal which will now be examined in 
the light of current mantle models.
12.7.1 The Modern Mantle
Oceanic basalts are considered to sample Sr from the
mantle by inference from the geology of such volcanism and
the improbability of contamination. Oceanic island (Ri =
.704 ± .001) and ocean ridge (Ri - .7025) basalts do differ
in their initial ratio distributions and opinions vary as
to whether the latter or both are representative of the
87 86mantle. Certainly, the modern mantle is yielding Sr/ Sr 
ratios in the range .702 - .706 and for the purposes of this 
discussion is taken to be .7040 ± .0010 after the compilation 
of Leeman (1970 ) . Continental basalts overlap their oceanic 
equivalents, but have a tail to high values as shown by Gast 
(1967) (.703 - .712). They are generally excluded from
consideration in mantle estimates because crustal contam­
ination cannot be discounted.
Restriction of mantle Sr to that of oceanic basalts 
produces a compositionally homogeneous and simple model. 
Description of its development in time is beset with 
difficulty as there are many possibilities and few data 
points. It is assumed that primordial Sr for the earth is 
identical to that of basaltic achondrites (.6990 -
Papanastassiou and Wasserburg, 1969) . Apart from the present
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day basaltic value, data are confined to continental 
basaltic rocks as considered below.
12.7.2 Strontium Evolution Models
(a) Single-Stage
Faure and Hurley (1963) suggest single-stage development 
8 7 8 6of the Sr/ Sr ratio from achondritic values to the highest 
for modern basalts. However the supposed constant Rb/Sr 
ratio with time is unlikely to be met with in the real 
earth which has been involved in differentiation processes 
during its history.
(b) Two-Stage
Two-stage models of Stueber and Murthy (1966) and 
Armstrong (1968) restrict differentiation in the earth to 
a major period of sialic crust formation at approximately 
3000 m.y. (the oldest age recorded on the cratons). Growth 
lines have high gradients in the initial earth of homogeneous 
Rb/Sr ratio, becoming much less in a differentiated mantle 
of fixed ratio.
( c ) Multi-stage
Continuous differentiation leads to the various models
of Hart (1969) and Hart and Brooks (1968) in which the mantle
is progressively depleted in Rb by loss in basaltic magmas.
Radiogenic addition thus decreases with time. Stueber and
Murthy (1966) propose a more complex situation, with
concentration of lithophile elements in the subcrustal,
upper mantle prior to differentiation of the crust, the
8 7 86process leaving a high Sr/ Sr ratio, low Rb/Sr ratio 
residuum beneath the continents. The dispersed Rb and Sr
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in the oceanic mantle are such as to allow single-stage 
development from the formation of the earth to the present 
day. Armstrong (1968) envisages an initial composite crust 
and mantle, which differentiates at 3000 m.y. causing mantle- 
crust divergence, but with limited mixing along island arc 
zones to reach a final steady-state.
These then, are some ideas on the evolution of Sr in
the earth, which perhaps approximates to a two-stage process.
Whatever the model, present mantle Sr is not expected to 
87 ,86have a Sr/ Sr ratio greater than .705 .
12.7.3 Continental Intrusives
The Giles Complex results are best explained by an 
inhomogeneous mantle source which can deliver liquids with 
initial ratios as high as .708 at 1200 m.y.. Whether this 
is plausible has relevance to the genesis of other continental 
basaltic rocks and isotopic models for the mantle.
The arguments against large scale crustal contamination 
of basaltic liquids are reiterated. To uniformly contaminate 
a volume of magma as large as formed the Tasmanian dolerites 
(Heier et a l . , 1965) requires either an unrealistically
uniform contaminant or an incredibly efficient mixing process. 
Moreover this must be achieved with the complete destruction 
of xenoliths and xenocrysts. The experience of upper 
crustal geology suggests that this is unlikely.
An inhomogeneous mantle is also implied by the following 
evidence:
(a) Oceanic v o l c a m c s  from single islands show initial
ratio variations, as for example .7025 .7073 on
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Ascension Island (Gast et al., 1964). This spread
includes almost all Giles Complex initial ratios.
(b) Continental basalts as shown above have a broad range, 
but are mainly between .703 and .707 - the same spread 
as in oceanic rocks, but with a greater proportion of 
high ratio observations. The most outstanding cases
of unusually high ratios are the Tasmanian and Antarctic 
tholeiitic provinces with initial ratios of .711 
(Heier e t a1 . , 1965 ; Compston e t al. , 1968) . These 
authors comment on the difficulties in explaining the 
chemistry of these rocks except in terms of an unusual 
mantle source.
(c) Stueber and Murthy (1966) report high ratios (up to 
.710) in ultramafic rocks often interpreted as tectonic 
slices of the mantle. Although a direct origin may
be questioned, they are certainly mantle-derived.
(d) Powell and Bell (1970) describe K-rich basaltic rocks
8 7 8 6with high Sr/ Sr ratios which are difficult to explain 
by contamination because of the extremely high Sr content. 
These highly distinctive rocks may be derived from a 
relatively potassic (and thus Rb-enriched) portion of 
the mantle.
(e) Mantle inhomogeneity is most dramatically shown by the 
Pb isotopic compositions of present oceanic volcanics 
(Oversby and Gast, 1970) , which give model ages spread 
over a range of 1800 m .y .. Most variation is found in 
the 206Pb/2°^Pb ratio, indicating a relatively recent 
fractionation event.
(f) Finally, let us examine the change in initial ratio of
continental basaltic rocks with time. Most data (table
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12-2) are for large tholeiitic intrusions where con­
tamination has not been reported or is unlikely. The 
evolution diagram (figure 12.3) shows a wide dispersal 
of initial Sr compositions which can be subjectively 
subdivided into high and low groups (leaving oceanic 
basalts as a third and lower group). All gradations 
between these are probably present, but separation 
aids discussion. The Giles Complex is not alone in 
having unusually high initial ratios and has a family 
relationship with the Tasmanian tholeiites and Bushveld 
Intrusion. In itself this suggests a fundamental link 
between these rocks other than possible contamination.
The low group includes a number of large basic intrusions 
and all anorthosites. The scatter in initial Sr for 
continental basic igneous rocks can thus be traced, 
diminishing in extent, back in geological time.
Davies e t a l . (1970) propose a two stage model comparable
to that of Stueber and Murthy (1966) to accommodate the high
group of South African results. A modern mantle capable
8 7 8 6of producing the Bushveld magma has a Sr/ Sr ratio of .708
An alternative is suggested by the alignment of Tasmanian 
tholeiite, Giles Complex and Bushveld results, which could 
represent a single-stage system from 3000 m.y.. The data 
can be described by an homogeneous earth evolving to 3000- 
3500 m.y. with differentiation of sialic crust at that time. 
Lithophile elements are localised within the solid angle 
subtended by the continents and strongly, but not completely, 
concentrated in the crust. The mantle developed contains
large scale gradations in composition, Rb being concentrated
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in regions where differentiation has not been completely 
effective. As a result, growth lines for Sr in different 
pockets radiate from the time of differentiation as in figure 
12.3 . The isotopic composition and probably other chemical
features of derivative basalts depend then on the regions 
tapped. This is the inhomogeneous mantle alluded to in 
various parts of this chapter. The model is presented as 
a possibility - it is hoped that it is consistent with the 
observations. Perhaps its basic premise is that basaltic 
rocks are mantie-derived and uncontaminated by sialic 
material until proven otherwise. To the author, an 
inhomogeneous mantle is more real than any chemically uniform 
model. If valid, the distinction of crustal and mantle Sr 
is further clouded, but the general principle holds. The 
vast majority of basic rocks do have low, mantle-type initial 
ratios and the use of Sr isotopic composition in distinguishing 
crustal versus mantle history is possible. There are the 
above exceptions where Sr more properly reflects the Rb/Sr 
ratio history. Though petrologically and geochemically 
important they are in a minority.
196
TABLE 12-2
Age and Initial Ratio Data for Continental Basic Intrusions
Locality or Intrusion Age (m .y .) Ri Re ference
Tasmanian dolerite 165 .7115 8
Ferrar dolerite 160 .711 2
Karroo dolerite 170 . 7057 2
Duluth gabbro 1115 . 7054 ± .0003 5
Endion sill 1090 .7046 ± . 0006 5
Adirondack anorthosite 1100 . 7050 ± .0003 7
Muskox 1200 . 7087 11
San Gabriel 1220 . 7033 7
Michikamau 1400 . 7037 7
Trompsberg 1370 . 7040 ± . 0004 3
Laramie 1420 . 7053 7
Sudbury 1700 . 7048 ± . 0003 4
Losberg 1880 . 7061 ± . 0024 3
Langoy 1800 . 7049 9
Hart dolerite 1800 . 7041 + . 0006 1
BushveId 1950 . 7062 + . 0020 3
Stillwater 2450 . 7027 + . 0006 6
Great Dyke 2540 . 7021 ± . 0008 3
Mo dipe 2630 . 7025 ± . 0010 10
Usushwana 2870 . 7028 + . 0028 3
References: (1) Bo finge r , 1967, (2) Comp s ton et al . 1968 ,
( 3) Davie s e t al ., 1970, (4) Fairbairn et al . , 1968 /
( 5) Faure e t a l ., 1969, (6) Fenton and Faure , 1969,
(7) Heath and Fairbairn , 1968, (8) Heier e t a1. , 1965 ,
(9) Heier and Compston, 1969, (10) McElhinny, 1966,
(11) Stueber and Murthy, 1966.
All initial ratios are relative to a value of .7081 for the 
8 7 8 6Sr/ Sr ratio of the Eimer and Amend SrCO^ standard.
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CHAPTER THIRTEEN: TRILOGY - THE INTER-RELATIONS OF THE
GILES COMPLEX, TOLLU SUITE AND GRANULITES
13.1 In troduction
The inter-relations and sequence in time of the 
geological entities in the Tomkinson Ranges are sought in 
these final chapters. The guiding principle used is that 
ai-1- are broadly related and the display of a tectonic theme. 
The present subject is the interaction of the granulites ,
Giles Complex and Tollu Acid Igneous Suite, revolving 
primarily about the origin of the extrusives. The granulites 
are metamorphosed geosynclinal deposits in which are emplaced 
masses of basic rock derived from the mantle. The acid 
magma may be a product of the mantle in a direct sense, a 
^ b f f e r e n t i a t e of the basic magma, or a melt fraction of the 
granulites.
13.2 Existing Hypotheses on the Origin of the Acid Igneous 
Rocks
13.2.1 The Daniels Hypothesis: Granophyres as part of
the Giles Complex
Daniels (1967) considers that the gabbros and granophyres 
of the Tollu region are unrelated to, and intrusive into 
older volcanics. On the basis of similar hydrous alter­
ation, these intrusive rocks are equated with the troctolites 
and gabbros of the Jameson Intrusion. The Giles Complex is 
therefore younger than the volcanics.
Isotopic ages for the granophyres and volcanics are 
indistinguishable (section 11.2.4). This fact, coupled
198
with the evidence for the comagmatism of these rocks, 
makes the hypothesis of older volcanics intruded by younger, 
genetically unrelated granophyres, untenable. In addition, 
the mineralogical link between these rocks and the Giles 
Complex can be disputed. The hydrous mineralogy in parts 
of the Jameson Intrusion has previously been attributed to 
metamorphism (section 10.3) . Furthermore, the age of the 
Tollu felsites (1087 ± 35 m.y.) is probably younger than the 
oldest biotite from the Jameson Intrusion (1146 ± 23 m.y.).
The hypothesis must therefore be modified to include the 
derivation of all rocks at Tollu from the Giles Complex 
magma (the Nesbitt Hypothesis - see below), or from the 
source of the volcanics.
13.2.2 The Nesbitt Hypothesis: Felsites related to the
Giles Complex
Sprigg and Wilson (1959) propose that volcanism 
accompanied the intrusion of the Giles Complex. This idea 
is expanded by Nesbitt (1966) to explain the lack of acid 
residua in the basic intrusives, such liquids being lost to 
the surface as comagmatic volcanics. The isotopic age for 
the volcanics after Compston and Nesbitt (1967) is then 
applicable to both units. Nesbitt et a l . (1970) reiterate
and support these conclusions with; unreported Sr/ Sr ratios 
for the basic rocks which, as they are "essentially the 
same as the initial ratio of the volcanics, are consistent 
with comagmatism. Blight (1969) and Bowden (1969) correlate 
the layered gabbro intruding basic volcanics at Mumma- 
warrawarra with the Giles Complex. Quartz - alkali feldspar 
intergrowths at the top of the Bell Rock Intrusion suggest
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a reverse link with the granophyres. On these grounds they 
support the Nesbitt Hypothesis of comagmatism for the Giles 
Complex and all volcanics in the Tollu region.
Objections to the hypothesis can be discussed under 
the following headings.
(a) Volumetric Arguments
The postulate requires that the basic magma produce by 
differentiation a volume of acid magma equal to that of 
the felsites. This process is discussed by Kleeman (1965) 
who concludes that uncontaminated basaltic magmas generate 
a volume of granitic liquid amounting to less than one per 
cent of the original. Exposures of acid igneous rocks in 
the Tollu region are of sufficiently large volume relative 
to that of the Giles Complex to throw doubt on this differ­
entiation model. The total extent of acidic or basic rocks 
is however conjectural. If the acid igneous province 
documented in chapter eleven is taken into account, the amount 
of acid magma becomes prohibitive and presents the Nesbitt 
Hypothesis with an insurmountable obstacle.
Furthermore, many occurrences within the province have 
no known associated basic intrusives. This may be a 
function of exposure, but gravity measurements do not indicate 
basic material at depth in the Kulgera or Mt. Harris areas 
(Lonsdale and Flavelle, 1968).
Apart from the quartz-bearing intergrowths in the Bell 
Rock Intrusion, in situ silicic differentiates have not been 
reported from an undoubted Giles Complex body. It is 
unlikely, considering the number of cases reported in the
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literature in which this material is found in place, that 
all of the hypothetical residual liquid escaped. Goode 
(1970) in fact suggests that differentiation in this instance 
might culminate in undersaturated liquids as a result of the 
initial crystallisation of orthopyroxene. The scheme of 
Nesbitt et a l . (1970) (discussed in section 12.3) develops
any acid residuum in the most differentiated high level 
intrusions. Recognition of the Tollu magma in a deep level 
environment at Wingellina places the source at a much greater 
depth.
(b) The Age of the Giles Complex
Contemporaneity of volcanics and basic intrusives is a 
prediction of the hypothesis. Geological evidence of 
relative age is limited. The Mummawarrawarra gabbro intrudes 
basic volcanics, but is not unequivocally related to the Giles 
Complex. If the correlation is upheld the intrusives 
postdate the volcanics. However, in all cases of juxta­
position of acidic and basic (Giles Complex) igneous rocks, 
the acidic is always intrusive into the basic. Because of 
this contradiction, contemporaneity might be suspected. 
Isotopic dating (section 12.2) brackets the time of emplace­
ment of the Giles Complex between 1150 and 1250 m.y. and 
places the Tollu Suite at 1076 ± 17 m.y.. There is almost 
certainly a significant time break between them.
(c) Isotopic Evidence
The initial ratios at 1080 m.y. for igneous rocks of the 
Giles Complex and Tollu Suite are given in figure 13.1. The 
basic rocks form two groups about .705 and .707, and the 
granitic rocks have values at .707, .711 and .718 . As
FIG 13.1 Initial Ratios 1 08 0m.y.
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described in chapter 12, comagmatic rocks will have identical 
initial ratios. As the data only overlap at .707 the simple 
model is restricted to specific parent and daughter rock 
types. The more mafic intrusions of the Giles Complex could 
be cogenetic with the felsites at To11u and gneisses of low 
initial ratio at Wingellina. All other combinations are 
forbidden. There is no suitable source for some rocks at 
Wingellina, and the Lightning Rocks Adamellite. The 
anorthositic intrusions could not have produced any of the 
acid rocks analysed by simple fractionation (they have 
previously been considered prime sources). Consequently, 
only half of the Giles Complex is consistent with the parent 
material, thereby exacerbating the volumetric problems of (a).
(d) Trace Element Geochemistry
Limited trace element data for rocks of the Giles Complex 
can be found in tables 13-1 and 12-1. K, R b , U and Th are 
in extremely low abundance and K/Rb ratios are probably high. 
Kleeman (1969) concludes that total rock U is unlikely to be 
above .03 ppm. By comparison, the acid igneous rocks are 
(predictably) greatly enriched in these elements and in 
particular U and Th (by a factor of 60 times at least). The 
Nesbitt Hypothesis requires that this difference be accounted 
for by igneous fractionation. A study of the Duluth Gabbro 
(anorthosite, gabbro, granophyre) shows little change in 
Th and U abundance throughout the sequence (Heier and Rodgers, 
1963) and it is therefore unlikely that fractionation will 
explain the high Th contents found in the rocks of the Tollu
Suite.
202
TABLE 13-1
Trace Element Data for Giles Complex Rocks
K% Rb K/Rb Sr U Th Th/U
Bell Rock
GA 2362 . 20 5 400 340 .14 . 59 4.2
Blackstone
GA 2356 .15 2 700 330 .10 -
Michael Hills
GA 2351 . 53 5 1000 450 . 15 -
GA 2793 .51 6 800 580 . 54 -
70-177 .17 1 1500 270 - -
Averages for Tollu Suite Igneous 
Tollu Felsites 4.0 200 220
Rocks
100 5 33 6
Tollu Granite 4.6 420 110 50 9 100 11
Wingellina 4.8 300 150 30 3 40 13
(- = not detected; K as weight per cent, others as ppm)
(e ) Cone1us ion
The objections presented here must be regarded as a 
clear rebuttal of the Nesbitt Hypothesis. It is incon­
sistent with the volume of acidic material exposed, the age 
relationships, Sr isotopic composition and trace element 
geochemistry.
13.3 Alternative Hypotheses on the Origin of the Acid 
Igneous Rocks
13.3.1 Differentiation of a Contaminated Basic Magma
The attraction in contaminating the Giles Complex magma
with sialic material is dimunition of the volumetric problem
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of 13.2.2(a). Contamination also may account for the high 
initial ratios of some granitic rocks. However this process 
is discussed at length in chapter 12 and is considered 
unlikely. Some match of isotopic compositions between the 
basic intrusives and the postulated derivatives might be 
expected, but is not found. The model is also subject to 
the same geological objections applied to the Nesbitt 
Hypo the sis .
13.3.2 The Anatectic Model
The previous sections have destroyed any link between 
the acid igneous rocks and the Giles Complex. Partial 
melting of the metamorphic basement is the remaining hypo­
thesis for the genesis of the acid rocks. Therefore a 
connection will be sought between the Tollu Acid Igneous 
Suite and the granulites through a comparison of their 
chemistry. However, separation of parent and daughter 
materials by periods of chemical fractionation during 
anatexis and magmatic crystallisation complicate this approach.
Acidic rocks will be the first to melt during high 
grade metamorphism. The minimum melting composition 
approximates that of the thermal low in the anorthite-albite- 
orthoc1ase-si1ica-water system (Kleeman, 1965; James and 
Hamilton, 1969), and the temperature of melting depends on 
pressure and water content. The most suitable source rocks 
will plot near the thermal trough and figure 13.2 shows these 
to be acid banded granulites and some garnet granulites.
The following observations result from a comparison of
the geochemistry of banded granulites and rocks of the Tollu
An
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Suite.
(a) Total rock analyses (Appendix III) reveal similar
major element compositions as can be seen in figures
13.2 and 11.3. Some differences are found in Al O ,2 3
total Fe and TiO^ contents.
(b) The unusually high and uniform K content of the Tollu 
rocks is matched by members of the banded granulite 
(figures 9.2 and 11.4) and the metamorphics in general 
(figure 9.3).
(c) Apart from high values in the Tollu granite and some 
Wingellina (10) rocks, Rb concentrations are similar 
(figures 9.4 and 11.5). The K/Rb ratios of the 
exceptions are also unusually low (100-150). Inter­
estingly, samples from locality 11 at Wingellina have 
ratios (320) greater than any banded granulite.
(d) Apart from some felsites all the igneous rocks have 
much lower Sr contents than the metamorphics (figures 
9.1 and 11.5) .
(e) The igneous rocks have average to low U contents for 
their SiO^ content, while the granulites are very 
definitely depleted. Thorium abundances of both types 
are unusually high. Th/U ratios are high, with the 
igneous rocks confined between 5 and 15 and the granulites 
extending to over 100 because of some very low U contents 
(figures 9.8 - 9.10 and 11.5).
(f) Spread in the initial ratios of the acid igneous rocks
is from .708 to .718 . The latter value is well above
any estimate for mantle-derived Sr at 1080 m.y. (see 
figure 12.3) and requires derivation of the magma from a
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region of high Rb/Sr ratio i.e. a sialic source, the
8 7 8 6granulites. An histogram of Sr/ Sr ratios at that 
time (figure 13.3) reveals a maximum in the range of 
the volcanics, but numerous higher values.
(g) Common features of both the Tollu Suite and acid 
granulites are high K and Th contents, high Th/U 
ratios and low U contents. Thorium in particular is 
a distinctive trace element in both groups.
Because of these chemical similarities a prima facie 
case can be made for the anatectic hypothesis. It is 
geologically plausible because of its capacity to generate 
large volumes of acid magma. There are no geological 
restrictions on the time of igneous activity although a 
relationship with high temperature conditions in the meta- 
morphic rocks may be expected.
13.4 The Anatectic Hypothesis
Having forged a link between the acid igneous rocks and 
granulites its implications will be examined in detail.
13.4.1 Partial Melting
There are numerous rocks in the metamorphic terrain 
which approximate the minimum melting composition and which 
will be the first to melt on increasing metamorphic grade. 
The composition of the first liquid produced is difficult to 
predict, but will be near the thermal low in the anorthite- 
albite-orthoc1ase-si1ica system, while dependent on the 
composition of the parental rock. As melting proceeds, the 
liquid progressively approaches the rock in composition.
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The phases in a granodiorite are consumed in the sequence 
alkali feldspar, quartz and plagioclase (Piwinski and Wyllie, 
1968 - water saturated). Those granulites with a composition 
near that of the thermal minimum will continually produce 
liquids of their own bulk composition. If granodioritic, 
as melting proceeds the liquid becomes enriched in the 
components of plagioclase as a result of following the above 
melting sequence. Thus the general granitic composition of 
rocks in the Tollu Suite is readily explained. Their 
specific characteristic is however a high K content, meaning 
that an anatectic liquid must be biased toward the 
orthoclase corner of the triangle anorthite-albite-orthoclase . 
Experiments (water saturated) by von Platen (1965) show 
that potassic liquids develop when albite/anorthite ratios 
are low and indeed comparable to those of all banded 
granulites. This unit also contains horizons of K-rich 
rock which would probably produce unusually potassic fractions, 
enhancing any derivative liquid in this element. The common 
high K content of these rocks, with the igneous types 
marginally the higher, may be so explained. The uncertain 
nature of such predictions is clear from the results of 
Brown and Fyfe (1970), which suggest that the albite/orthoc1ase 
ratio of anatectic melts increases with pressure. High 
pressure melting (certain in this case - see below) would 
therefore produce granodioritic liquids in contrast to those 
of the present geological situation.
Fractionation of trace elements during partial melting 
has not been investigated experimentally, but can be 
predicted by geochemical inference. Alkali metals will 
tend to concentrate in the melt as shown above for K. The
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affinity of Rb for late-stage magmatic liquids suggests 
that it may do so preferentially to K and so reduce the K/Rb 
ratio. Calcium and strontium will remain in the plagioclase 
of the residuum and therefore become depleted in the liquid. 
Uranium also tends to partition into a melt phase (Kleeman, 
1969).
The banded granulite must now be subdivided into its 
granitic and granodioritic components which have contrasting 
trace element chemistry. These can then be compared with 
the igneous rocks once allowance is made for magmatic 
crystal fractionation. It is assumed that this process 
will lead to divergence in composition. Any features common 
to all igneous rocks will be ascribed to their earlier 
history, namely the postulated partial melting.
The trace element contents of the Tollu Suite can be 
explained by a judicious combination of granitic and 
granodioritic parental granulite coupled with some chemical 
fractionation on melting - see table 13-2. The low Sr 
contents of the igneous rocks indicate either a source of 
granitic composition or marked fractionation of plagioclase. 
The parental granulite is seen in the low U abundances 
even though this element is concentrated in the partial 
melt. Lower K/Rb ratios suggest slight to moderate 
fractionation of alkali metals.
13.4.2 Strontium Initial Ratios
The isotopic composition of Sr in melt and residuum 
should be identical as shown in section 8.4. The liquid 
will then have an initial ratio which reflects the Rb/Sr
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ratio of the parental rock. Isotopic ratios at 1080 m.y.
for granulites from Mt. Aloysius have a wide range (figure
13.3). Granodioritic banded granulites are between .709 and
.710, while granitic types range up to .77 . The igneous
rocks have initial ratios that are more tightly constrained
at .708 and .718 (figure 13.1). It is clear that granulite
of granitic composition cannot be the only component in the
melt unless there are unsampled igneous rocks with extremely
high initial ratios. To generate the igneous rocks with the
higher initial ratios requires mixing of the two granulite
components as is implied by the interpretation of trace
8 7 86element geochemistry. The bias in Sr/ Sr will always be 
toward the lower member because of its greater Sr content - 
see figure 13.4, a plot of Ri (1080 m.y.) versus Sr concen­
tration in granulites. Calculation using average compos­
itions shows that initial ratios of .710 require a maximum 
granitic/granodioritic ratio of one. This is in keeping 
with the observed field abundances. Since most initial 
ratios in the acid igneous rocks are low, the source seems 
to have been more generally granodioritic in composition.
The initial ratio of the Tollu felsites (.708 ± .003)
remains a problem, as it falls in the low range of the
metamorphic source rocks (. 708 - .713 ) . There is no simple
explanation for this in terms of the anatectic hypothesis.
It is possible that the determination is in error - it may
be as high as .711 at the upper 95 per cent confidence
limit. The isochron may have been affected by updating and
perhaps inadequate mixing of the melt (section 11.2.4) .
Alternatively, the basic granulite interlayers in the banded
8 7 86granulite may have contributed Sr of low Sr/ Sr ratio to
FIG 13.3 Granulite 1080 my. Isotopic Ratios
FIG 13.4
Sr ppm
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that fraction of the magma now exposed at Tollu. The 
mafic mineral phases of such a parent would become part 
of the residuum, but the derived liquid could be unusually 
enriched in ferromagnesian elements. More realistic 
perhaps, is solid state exchange of Sr between thin basic 
bands and their acidic neighbours as previously demonstrated. 
Calculation shows that homogenisation in the proportion of 
one basic to ten acidic granulite (the highest basic content 
allowed on field evidence) will reduce the initial ratio to 
.708, which is well within the uncertainty range of the 
Tollu rocks.
8 7 8 6The present day Rb/ Sr ratios of some igneous rocks 
are high (40) , and relative to their initial ratios (.708) , 
preclude any pre-magmatic history. Consequently, igneous 
processes must have caused a pronounced fractionation of 
Rb and Sr to achieve these values.
An interesting by-product of the melting of an hetero­
geneous metamorphic terrain is the possibility of magma 
phases of differing isotopic composition. The phenomenon 
is quite clear in the Wingellina area in rocks which are 
apparently dykes. Tapping of different volumes of granulite 
accounts for the variation in initial ratio. As mentioned, 
this can equally well appear in extrusives and may be 
responsible for geological scatter in isochron plots.
13.4.3 Thermal Conditions
The most obvious pre-condition for melting is extremely 
high temperature. It is shown in chapter three that during 
the climax of granulite facies metamorphism temperatures
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reached 900°C at pressures of 8 to 12 kilobars. As these 
conditions approach the melting point of dry granulites there 
is no doubt that a potential for anatexis did exist.
However magmatism during the main metamorphic phase (1250 
m.y.) seems to have been restricted to small granitic bodies 
such as the Minno 'granite'. There are no signs of partial 
melting in the exposed granulites. Surprisingly, the Tollu 
Acid Igneous Suite did not appear until some 170 m.y. after 
the main thermal event. Even at this stage the presently 
exposed granulites remained aloof, with the exception perhaps 
of the formation of minor migmatites at Wingellina (Smith, 
1970) .
The following heat sources are suggested.
(a) The geothermal gradient is responsible for a thermal 
background of 400-500°C at depths corresponding to 
pressures of 10 kilobars (Clark and Ringwood, 1964) .
This may be compounded by radioactive heating because 
of the high K and Th contents of many acid granulites. 
The interpretation of the feldspar results implies 
that the granulites remained above this temperature 
for at least 300 m.y..
(b) Some part of the heat energy associated with the 
1250 m.y. metamorphism may not have decayed by 1080
m.y..
(c) Heat input occurred during the intrusion of the Giles 
Complex whose basic bodies (up to five kilometres 
thick) originated at temperatures of at least 1200°C.
These three sources of thermal energy may have sufficed in 
concert to cause anatexis. The last can be rejected in 
itself, as contact melting is limited to very minor
2 11
rheomorphic phenomena (Nesbitt et a l . , 1970) .
The development of the acid igneous rocks coincided 
with a change of tectonic behaviour in the region as the 
folding gave way to regional uplift. This clue leads to 
the following hypothesis.
The heat sources as above, plus perhaps a rise in 
isotherms during F tectonism, produced unusually high temp­
eratures in the granulites below the present level of 
exposure. Physical conditions thereby approached the 
solidus for some of the rocks. Passage across the solidus 
followed at constant temperature by means of the reduction 
in pressure on uplift. The resultant partial melting 
produced the acid magma.
Substantiating evidence is found in granulites near 
Cohn Hill, which are closely associated with the granitic 
masses at Winburn Rocks and Lightning Rocks. As described 
(section 3.4.2) , coronal textures indicate a reduction of 
pressure at an extremely high temperature close to that of 
the solidus for an anhydrous adamellite. Melting could 
then occur in rocks of suitable composition. Unfortunately 
there are no other exposures in the area. It is certainly 
significant that these granulites are found near large 
granite bodies.
The time lag between metamorphism and magmatism is thus 
explained by the triggering mechanism being related primarily 
to tectonic processes rather than metamorphism.
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13.4.4 Geological Considerations
The anatectic hypothesis yields a concise picture of 
acid magmatism within the confines of a transition from low 
to high levels in the crust. The granulites, on which all 
rests, are the primary source material. As the deep-seated 
intrusive phase at Wingellina is approached, migmatites, the 
first sign of partial melting are found. The igneous rocks 
in this area occur as a dyke complex which is probably 
little removed from the source region. Magma from this zone 
escaped to higher levels forming granophyre dykes in the 
Bell Rock Range and ultimately reached the surface at Tollu. 
A volcanic pile with its own intrusive phases developed.
Thus within one area almost all segments of the acid 
magmatic process are revealed.
The mere occurrence of volcanism tells much about the 
magma. The difference in shape of the water-bearing and 
dry solidi has a bearing on the ability of a magma to rise 
in the crust. Any hydrous melt moving to lower pressure 
regions must reach the water saturated solidus because of the 
sharp rise in solidus temperature below a pressure of two 
kilobars. The result is rapid crystallisation and termin­
ation of movement (Harris e t a1 . , 1970) . A nearly anhydrous 
melt will not reach water saturation until very close to the 
surface and extrusion is therefore possible. Anatexis of 
granulites is a most plausible mechanism for the generation 
of such a magma.
Special mention must be made of the great chemical 
similarity between the Tollu granite, the Heemskirk Granite 
(Heier and Brooks, 1966; Brooks and Compston, 1965) and
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the Rum Jungle Complex (Heier and Rhodes, 1966) - see table
13-3 .
TABLE 13-3
Tollu Heemskirk Rum Jungle
granite Granite Complex
K % 4.6 4.3 4.5
Rb 420 400 -
K/Rb 110 100 -
Sr 50 20-60 -
U 9 7-27 2-20
Th 100 11-50 10-70
Th/U 11 .4-7.6 4
(trace element concentrations in parts per million)
All three are unusual, highly fractionated granites. High
initial ratios (up to .734) for the Heemskirk Granite are
proo f o f its anatectic origin - by association this may be
inferred for the body at Tollu. Differences in chemistry
are found in the high Th and low U contents and high Th/U
ratio o f the central Australian rock. These same features
characterise the granulites. For this reason alone the 
Tollu Acid Igneous Suite must be of anatectic origin.
A parting word for the basic rocks associated with the 
Tollu Suite. Table 13-4 gives the little geochemical 
information available. The rocks from Wingellina, though 
metamorphosed, have affinities with the basalt. Their total 
rock analyses (69-1271, 1445) compare closely with the data
of Blight (1969) and Bowden (1969) for the volcanics. The 
identical Rb and Sr contents and initial ratios are at least 
consistent with comagmatism. Relatively high Rb concen­
trations suggest that they are unrelated to the Giles Complex.
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All are probably oogenetic and derived from a basaltic 
magma. The magma developed in response to tectonic pro­
cesses associated with the acid igneous event. Emplacement 
in the crust resulted in a vo1canic-piutonic association 
paralleling that of the acid magma.
TABLE 13-4
Geochemical Data for Basic Rocks Associated with the Tollu
Suite
Basalt, Tollu Basic Granulites, Wingellina
7 0 -16 8A 69-1271 69-1445 69-1447
Sr 241 245 240 228
Rb 21 23 22 28
K % - . 95 .60 -
K/Rb - 410 272 -
Ri
(1080 m y )
. 7066 . 7064 . 7056 .7057
2 15
CHAPTER FOURTEEN: GEOLOGICAL HISTORY
This chapter is an amalgam of the key facts and ideas 
of this thesis compiled as such without supporting evidence 
to give a geological history of the Tomkinson Ranges - it 
is an imaginative reconstruction. It applies to a relatively 
small area, part of a much larger structure the Musgrave 
Block, which is discussed in the following chapter.
The period before 1600 m.y. has left no record. Dawn 
came with the onset of subsidence and formation of a geo­
synclinal zone. Troughs filled with detrital sediments 
(shales and sandstones) and large outpourings of predominantly 
subacid, but occasionally andesitic and basaltic volcanics.
A well layered sequence developed in an environment, probably 
eugeosynclinal, which was not conducive to carbonate sediment­
ation. Mixing of Sr occurred by either sedimentary (e.g. 
transport of reworking) or igneous (e.g. magma convection) 
processes and allowed a record of the time of sedimentation.
The small scatter in 1600 m.y. ages implies that deposition 
was short-lived, if pronounced. Strontium initial ratios 
reflect both the juvenile volcanic origin of some rocks 
(. 703) and the derivative origin of others (.714 - . 726) .
An older sialic source of sediment is indicated, but has not 
yet been found. A land mass marginal to the trough seems 
likely, but if still extant, is probably beneath the 
neighbouring (at the present time) sedimentary basins.
Processes operating at this time appear not to have affected 
the U/Pb ratios in some rocks. After this flurry of activity, 
the region remained quiescent until a parallel development 
between 1450 and 1370 m.y. produced the progenitors of rocks
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in the Michael Hills Region. These massive, homogeneous, 
subacid to acid rocks with low and uniform initial ratios, 
were probably volcanics °r greywacke-type sediments. No 
prehistory has been detected in what seems to have been 
juvenile material. It is possible that the present regional 
structural pattern first became impressed at this time by 
operation of the Hinckley Fault, which separates the 1600 and 
1400 m.y. zones.
Completion of the second stage of sedimentation at 1370 
m.y. led to great downwarping and burial of the sedimentary 
succession which culminated in high grade metamorphism at 
1250 m.y. . The first recorded folding phase (F ) • probably 
part of this orogenic activity, formed macroscopic similar 
folds throughout the area, and influenced the development 
of small scale layering during metamorphic differentiation. 
Metamorphism took place under pressures of 10 kilobars and 
temperatures of 900°C following a pronounced rise in 
isotherms. The primary mineral assemblage of intermediate- 
pressure granulite grade was marked in particular by the 
coexistence of pl+opx±ga. Retrogressive metamorphism over­
printed this mineralogy in the south, revealing a P-T gradient 
across the area. The Michael Hills Region was either a low 
temperature zone during metamorphism, or cooled during 
preferential uplift which lead to the exposure of amphibolite 
facies rocks at Macdougall Bluff. In regions of particularly 
high temperature, solid diffusion became sufficiently pronounce' 
to cause outcrop scale isotopic homogenisation of Sr. The 
terminal time of metamorphism was registered when diffusion 
ceased on cooling. Total rock Rb-Sr ages thus act as
indicators of the temperature distribution; 1250 m.y. domains
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reached higher temperatures than 1600 or 1400 m.y. domains. 
Within the latter, group, Sr movement took place on a hand 
specimen scale. Final dehydration on the attainment of 
granulite facies grade was accompanied by loss of U along 
with the fluid phase. The Pb isotopic composition, which 
until this time had evolved in an effectively single-stage 
system, became fixed due to a marked reduction in the U/Pb 
ratio. Consequently the Pb model age registered the time 
of metamorphism. Other elements, notably Rb and T h , were 
not depleted. Locally, temperatures reached levels at which 
melting of the metamorphics took place and minor amounts of 
granitic magma were produced. The end product of all these 
processes was a folded, extremely high grade metamorphic 
complex situated near the base of the crust.
Slow cooling from the peak in temperature during 
metamorphism was first marked by closure of updated total 
rock systems. Heat input continued during the succeeding 
tectonic quiet as a vast volume of basic magma invaded the 
metamorphics to form the Giles Complex. The change in 
structural level across the area is most clearly shown by 
the array of sheet-like intrusives and their variable 
mineralogy.
A second burst of tectonism signalled the onset of major 
acid magmatism. The de formational episode (F ) imprinted 
folds of concentric style on both the granulites and basic 
intrusions. The latter were rotated as a result and then 
probably disrupted by movement on b 1 astomy1onite zones. The 
intensity of folding decreased toward higher levels and had 
little effect on the shallow intrusions. Textural
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modifications include a tectonic foliation parallel to 
layering in the igneous rocks, and cataclastic features 
in most granulites. The present macroscopic structural 
trend results from east-west fold axes overprinting the
earlier structures. The F^ folding phase signals a
change in tectonic behaviour toward regional uplift. The 
initiation of uplift, coupled with a rise in isotherms 
associated with tectonism, caused melting of granulites at 
deep levels. Vertical migration of granitic melts ultimately 
produced extrusives in the Tollu Acid Igneous Event at 1080 
m.y.. As now exposed, all levels of this phenomenon are 
revealed from the granulite source to plutonic intrusives 
and extrusives. On ascent, a series of derivative magmas 
formed by crystal fractionation and later crystallised as 
relatively mafic granophyre , rhyolite and high-K granitic 
variants. This association formed the complex volcanic 
pile at Tollu with its flow banded lavas and subvolcanic 
intrusions. Accompanying the acidic magmas in place and 
time were lesser known basic types which also formed plutonic, 
subvolcanic and volcanic rocks. No thermal imprint of this 
magmatic event has been found in the granulites, but it may 
be presumed that temperatures remained high throughout.
The greatest span of P-T conditions is revealed at this time, 
and ranges from the quite high pressure granulites to the 
surficial extrusives.
The Tollu region was unaffected as uplift progressed, 
but the equivalent surface to the east with its volcanic 
cover was upraised and stripped. Final cooling of the area 
began. The first stage involved vertical movement in the 
Michael Hills region which caused folding (F^) along the join
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with the stable Tollu segment. Side effects included 
cataclasis of some gneisses and folding of the volcanics 
with slight disturbance of their Rb-Sr system. This F 3 
deformation must be amalgamated with as one tectonic 
phase. The phase began with internal folding of the 
granulites (F2 ) and progressed with time and uplift to the 
movement of the metamorphics en masse. Tlie latter was 
mainly fault controlled and resulted in lesser internal, but
pronounced marginal deformation (F ).3
Minor intrusive phases punctuated this time beginning 
with the type B dykes which recrystallised and developed a 
metamorphic mineralogy in some instances. Type A dykes which 
followed are a regional feature associated with fault zones 
which crosscut the tectonic strike. They probably reflect 
large scale tension developed during uplift. Small olivine­
bearing plugs and dykes followed as the last igneous spasm.
Each type has in at least some cases a mineralogy indicative 
of high pressure. They can be placed in the time range 
1080 to 950 m.y..
As the greater part of the Michael Hills area reached 
low t emp eratures, the Ewarara — Teizi zone first recorded 
uplift in the isotopic closure of its feldspars. Differential 
movement along an east—west fault zone was responsible for 
the lower rate of uplift, slower cooling, and consequent 
greater modification of mineral assemblages in the latter 
area. The net result of the vertical movements was to 
expose rocks developed at progressively higher pressure along 
a traverse to the north-east of Macdougall Bluff. The final 
phase of uplift at 700 m.y. marked the end of recorded
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tectonism within the metamorphic complex. Concurrently, 
sedimentation began in the Officer Basin to the south, 
undoubtedly supplied with detritus from the rising mass of 
the granulites. Downwarping of the basin, which continued 
into the Palaeozoic, was probably accompanied by intermittent, 
but lesser uplift of the metamorphics which has not yet been 
revealed in exhumed mineral ages. For the purposes of this 
thesis and almost in fact, geological activity ended in a 
slumber of sedimentation and surficial processes which has 
continued to the present day.
This history can be depicted in terms of geological events 
(table 14-1) and thermal development (figure 14.1). The 
thermal history is derived from data which can be found in 
most chapters of the thesis. It is notable for the extremely 
long period (450 m.y.) of high temperatures in granulites 
north of the Hinckley Fault. The divergence of cooling curves 
for Mt. Aloysius and Ewarara has been used to explain the 
variable development of secondary mineral assemblages (section
10.4.3).
Table 14 - 1
Sequence of Geological Events in the Tomkinson Ranges
Relative Age Radiometric 
Age m.y.
P-T Environment
Sedimentation - Officer 
Basin
700
Late Uplift Stage - age 
retention in most 
minerals
Fau]Lt ing 700 most areas < 250°C
Types C and D Dykes variable,
depending
Plugs >950 upon
locality -
Type A Dykes F3 often
high
Type B Dykes pressure.
Early Uplift Stage 1000 some areas < 250°C
Tollu Acid Igneous 
Event
Ir2 1080 volcanism and plutonism
Giles Complex 1200 range from high to 
low pressure
Uplift (Michael Hills 
Region)
Granulite Facies 
Metamorphism - minor 
acid magmatism
Ei'1 ? 1250 lOkb, 900°C
Supracrustal Phase B 
Michael Hills Region
1400
Supracrustal Phase A 
M t . Aloysius - Teizi
1600
ooo o
oo o o
40
0 
10
00
 
60
0
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CHAPTER FIFTEEN: REGIONAL CONSIDERATIONS
15.1 Introduction
The Musgrave Block, of which the Tomkinson Ranges form 
a small part, encompasses an area of 120,000 square kilometres 
within the outlines of Plate I. The initial purpose of 
this chapter is to examine the geological unity of the block 
in order to extend earlier interpretations to the regional 
whole. With one exception the major geological divisions 
correspond to those of the Tomkinson Ranges. They are -
(a) High grade metamorphics mainly of granulite facies grade, 
but including related lower grade types.
(b) Layered basic intrusions of the Giles Complex emplaced 
in granulites.
(c) Acidic igneous rocks equivalent to the Tollu Acid 
Suite - the igneous province of chapter eleven.
Cd) Metasediments which form a buffer zone (here called the 
Petermann Belt) between the above metamorphic complex 
and sediments of the Amadeus Basin.
(e) Marginal sedimentary rocks of the Officer and Amadeus 
Basins which are unconformable on the basement complex 
of (a)- (c) .
Their distribution is shown in Plate I. The region has three 
main tectonic components -
(i) the Musgrave Block proper - units (a)-(c).
(ii) the Petermann Belt buffer zone.
(iii) basinal areas.
The following discussion of regional geology is hampered by 
a lack of detailed investigations and is taken largely from 
geological maps, their accompanying reports and some few 
publications.
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15.2 Regional Geology
(a) High Grade Metamorphic Rocks
Outcrops of granulite facies and related amphibolite 
facies gneisses occur in a central, latitudinal belt between 
the Tomkinson and Musgrave Ranges. Lithologies in the 
latter area (Wilson, 1969) are comparable to those in the 
west, but have lower grade affinities with hornblende common 
and some cordierite+sillimanite+hercynite assemblages. Two 
folding episodes are recognised (Oliver e t a l . , 1969) , but
cannot as yet be related to events in the Tomkinson Ranges. 
Retrogressive metamorphism which developed biotite, hornblende, 
microcline and epidote is widespread north of the Woodroffe 
Thrust (Major et a1 . , 1967) . Arriens and Lambert (1969) give
reconnaissance Rb-Sr geochronological data for the eastern 
Musgrave Ranges which they interpret as indicating two ages 
of 1410 ± 60 and 1655 ± 110 m.y. for a subjective grouping 
of granulite and amphibolite facies rocks. Even though the 
samples are geographically dispersed and give large 
uncertainties in age, the results are remarkably similar 
to the 'supracrustal' ages of earlier chapters - they may be 
similarly interpreted.
(b) Giles Complex
The basic intrusions are concentrated in the Tomkinson 
Ranges, but little known masses extend throughout the Musgrave 
Ranges, the largest of which is the norite at M t . Woodroffe 
(Major e t al . , 1967) . Gravity measurements (Lonsdale and
Flavelle, 1968) show that basic intrusives are restricted to 
the central part of the block. The uniqueness of the Giles 
Complex phenomenon implies that all are of the same age.
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(c) Acid Igneous Rocks
The identi fication of an acid igneous p r o vince as 
desc ri be d in chapter eleven is one of the more i n t e resting  
regional aspects of this work. It p r o vides the best time 
datum within the block, as most dated rocks have b e h a v e d  as 
rapid closure systems and thereby record the time of extrusion 
or intrusion; there is no ambiguity in int e r p r e t a t i o n  as has 
p l a g u e d  the m e t a m o r p h i c s . Similar igneous activity occurred  
through out  the block (including the Pe t e r m a n n  Belt - see 
Plate I for localities) within a small time range. The 
nature of rocks presently exposed in a given area depends on 
the tectonic history, volcanics being p r e s e r v e d  on the margins 
and deeper level plutonics being found toward the centre of 
the block.
(d) Pet ermann Belt M e t a m orphics
The Petermann Belt, of little significance in the 
Tomk ins on Ranges (see section 10-.3) , is an arcuate band 
ext end ing  from the Bedford Range, W.A. to Mulga Park, N.T..
It is bounded to the north by u n m e t a m o r p h o s e d  s edimentary  
rocks of the Amadeus Basin and to the south by a shallow 
trough of P hanerozoic sediments in the Cobb Depression 
(Farbridge, 1968) . G e o l o gically it has two components
t
(Forman, 1966) , a basement complex and an u n c o n f o r m a b 1e 
sedi men tar y cover. Both have been involved in a common 
def or mat ion and m e t a m o r p h i s m  and are now a single tectonic 
unit. The basem e n t  comprises p o r p h y r i t i c  granite and 
met am or ph ic rocks. Part of the former has a Rb-Sr age of 
1150 m.y. causing its inclusion in the Tollu Acid Igneous 
Event. The pro p o r t i o n  of this igneous material in the 
ba se me nt  is not known, but it could predominate. The Mt.
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Harris Basalt (Forman, 1966) may be a related extrusive 
phase. Unconformable on these rocks (although the 
unconformity may be obscured by metamorphism) is a thick 
sequence of quartzose metasediments, the most prominent 
member of which is the Dean Quartzite. The association of 
granitic basement and quartz+muscovite metasediment is 
characteristic and occurs throughout the belt. The structural 
geology is also uniform though complicated, with recumbent, 
isoclinal folds. The time of metamorphism is discussed in 
section 10.3, the best estimate of 700 m.y. resting on mica 
ages which reflect post-metamorphic uplift.
Thus the geological history of this zone, in as much as 
it can be deciphered from limited information, begins with a 
basement complex with a minimum age of 1100 m.y. whose 
relationship to the granulites of further south is unknown.
As elsewhere, 1100 m.y. marked a time of intense acid 
plutonism and volcanism. Sedimentation followed a period 
of erosion and a thick sequence of quartz-rich sediments 
developed, detritus probably being derived from the mass of 
the Musgrave Block to the south. Well-sorted quartzites 
suggest a stable tectonic regime, but this is belied by the 
later deep burial, pronounced recumbent folding and rapid 
uplift at 700 to 600 m.y. - the Petermann Ranges Orogeny 
(Forman, 1966).
(e) Basinal Sediments
Basinal sediments are only of interest as a reflection 
of tectonics within the Musgrave Block. In general they 
say little because both the Amadeus and Officer Basins contain 
sands tone-silts tone lithologies which indicate a steady supply
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of terrigenous material in a subdued tectonic environment. 
Sign ifi can t however are the arkoses and congl o m e r a t e s  which 
par all el the Petermann Belt to the north-east, and occur to 
the south of the Musgrave Ranges. Rocks in the former 
region are a molasse deposit developed during the uplift 
phase of the Pete rmann Ranges Orogeny. The latter denote 
similar activity m  that area during the late Precambrian.
15.3 Regional Synthesis
With one exception the geological components of the 
Musgra ve Block occur in the Tomkinson Ranges; the m i c r o c o s m  
concept of chapter two is valid. Fu rther deve l o p m e n t  of 
this idea leads to a history of the region using the pr esent 
geo chr ono logical data as a base. This can be done by 
combin ing  chapter 14 as representative of the central zone of 
the block, with the comments on the Petermann Belt.
The Musgrave Block is most aptly described as a dissected 
meta mo rp hi c belt whose active history spanned the interval 
be tw een  1600 and 700 m.y. i.e. some 900 m.y.. The 
geosyn cli nal  phase began at 1600 m.y. with the d e p o sition of 
a sequence of detrital and volcanic rocks. S e d i m e ntation 
was short-lived but recurrent, a second pe riod occ u r r i n g  at 
1400 m.y.. The m etamorphic climax came at 1250 m.y. and 
the supracrustal rocks were transformed to gneisses of 
amp hibolite and granulite facies grade. After the m e t a m o r p h i s m  
the T o m k i n s on-Musgrave Ranges zone was intruded by the Giles 
Co mp lex  magma. Acid plu t o n i s m  was p r o m i n e n t  at 1100 m.y. 
when all areas were invaded by granitic magmas. This regional 
p h e n o m e n o n  correlates in time with the beg i n n i n g  of extensive
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uplift. As the major part of the block continued to rise, 
a marginal trough developed along the northern flank, and 
sedimentation began in the Petermann Belt. The locus of 
geological activity shifted to this line which was in turn 
visited by metamorphism at 700 m.y.. This last metamorphic 
phase was followed by vertical movement of the entire region 
(Tomkin son-Mus grave Ranges zone and Petermann Belt). Molass 
type sediments were produced in areas of rapid uplift 
associated with the Petermann Belt. Differential uplift 
within the block resulted from activity on the major mylonite 
zones.
The region had a 900 m.y. life as an orogenic belt (the 
time between the first 'sedimentation' and uplift). The 
time span was relatively long though comparable to that of 
some other examples (Sutton, 1965). Metamorphism occurred 
at 1250 m.y., 350 m.y. after the initiation of the belt, and
had two contrasting aspects. The peak of very high temp­
erature at 1250 m.y., which produced the primary mineral 
assemblages, corresponded to metamorphism in the accepted 
sense. However, a metamorphic state (temperatures above 
5 0 0 ° C ) was maintained during the prolonged period of cooling 
between 1000 and 700 m.y.. its effects were limited to 
modification of the primary mineral assemblage. This latter 
phase of metamorphism is that most readily detected by 
isotopic means (particularly by mineral ages), but is only 
revealed petrologically by coronal textures which are often 
dismissed as indications of 'disequilibrium'. After a
developmental period of 350 m.y. the metamorphic climax was 
attained rapidly, but did not completely decay until 550 m.y.
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later - high temperatures may be more p r o l o n g e d  in granulite 
facies terrains than is thought.
The cause of the great rise in isotherms is a ma tter for 
speculation. Obviously it is related to the large scale 
de vel opm ent of the belt which must reflect dynamical processes 
within the mantle: m e t a m o r p h i s m  reflects a c r u s t -mantle
interaction. Heat influx from the mantle may for example 
be an exp ression of intra-mantle vertical mo v e m e n t  of basic 
magma. The first direct evidence of an interplay, the 
intrusion of the Giles Complex, was however p o s t - m e t a m o r p h i c , 
and during a period of tectonic quiet. That is, there was 
no cau se-effect relationship with metamorphism. More 
fundamental perhaps, but little understood, is the large 
volume of dense material which underlies the region (Lonsdale 
and Flavelle, 1968). Profound evidence for the invo lvement 
of the mantle in the orogenic process, it may reflect the 
upwelling of basic magma of which the Giles Complex is the 
high est  level phase. Minor basic intrusives followed the 
Giles Complex and the mode of intrusion is a function of 
regional tension oper ating during uplift. The type A dykes 
in particular, reveal a stress pa ttern which extends well 
outside the Musgrave Block (Goode, 1970) .
A tectonic pathway is required to emplace dense basaltic 
materials in the crust, as diapirism is p r o h i b i t e d  by density 
contrast. Such paths are likely during tensional periods.
The geology of the Tomkinson Ranges therefore implies the
following sequence.
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Buildup
Rebo und
Burial
Metamorphic climax (Compression = F )
Intrusion of the Giles Complex (Tension)
Tollu magmatism - acidic and basic 
(Compression = F plus the beginnings 
o f uplift)
Dyke phases and uplift (Tension)
Perhaps the greater development of basic intrusives 
during the Giles Complex phase expresses the 'revolution' 
associated with metamorphism - the climax of the crust-mantle 
interaction. The Giles Complex postdates the metamorphism, 
as shown by structural and petrological evidence, because 
(on the above model) intrusion is only allowed in the post-F^ 
relaxation. Later igneous phases are relatively minor due 
to the tapering-off of thermal activity in the mantle.
Indeed, the volumes of magma decrease with time. The basic 
rocks of the Tollu area, which are second in rank to the Giles 
Complex, occupy an analogous position with respect to the F^ 
folding phase and postulated thermal event.
Within this framework the acid magmatism at 1100 m.y. 
is a dominating regional feature. Its genesis is attributed 
to tectonism in section 13.4.3, through an anatectic process 
triggered by uplift and probable heat input. Vertical 
movements in themselves may be important in promoting 
anatexis. Certainly the great extent of the province 
requires a regional mechanism which must be part of the 
still ill-defined crust-mantle interplay.
The first geological sign of late tectonic development,
molasse-type sediments, did not appear until about 700 m.y..
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This proved to be deceptive along the northern margin of 
the block and a subsidiary metamorphic belt culminated at 
700-600 m .y ..
Mineral ages clearly place the uplift phase between 
1100 and 700 m.y. - a significant part of the active history 
of the block. If all intermediate-pressure granulites are 
formed in a similar tectonic environment, their restriction 
to the Precambrian is simply explained. The time of uplift 
required to expose them, is equivalent to a major part of 
the Phanerozoic in length.
The orogenic cycle thus comprised a 500 m.y. period of 
development, and a 400 m.y. tail in decline with thermal 
input restricted to a central 150 m.y. interval at the 
C1imax.
15.4 Continental Implications
A large orogenic belt ranging in age from 1600 to 700 
m.y. has been identified within the outcrop limits of the 
Musgrave Block. Its place within the fabric of the continent 
remains to be established. Because the region is completely 
surrounded by younger cover, evidence is limited to geo­
physical data and correlation' using radiometric ages.
The Musgrave Block, particularly in the Tomkinson Ranges, 
is marked by positive Bouguer anomalies. Similar features 
are found in other orogenic belts such as the Western Alps, 
Appalachians and in particular northern Norway (Brooks, 1970). 
The last case involves a linear, positive gravity anomaly 
extending from Lofoten to Söröya along exposures of a
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metamorphic complex. The geology (granulites, layered 
gabbroic intrusions and anorthosites) and mineralogy (garnet 
coronae and subsolidus olivine-plagioclase reactions) are 
comparable with that of the Tomkinson Ranges (Heier, 1960;
Oosterom, 1963 ; Heier and Comps ton, 1969; Griffin and 
Heier, 1969) . Brooks (1970) interprets the gravity feature 
as due to an upper crustal zone either enriched in basic or 
ultrabasic material, or of granulite facies metamorphic rocks 
containing basic intrusives. This latter describes the 
surface geology of the Tomkinson Ranges and it is likely that 
the anomaly there is of similar origin. As in Norway, the 
trend of the gravity high can be used to trace the geographical 
extent of the geological association i.e. the metamorphic 
belt exposed in the Musgrave Block. The data of Lonsdale 
and Flavelle (1968) show high gravity values in the Musgrave 
Ranges as expected. However, the most striking component 
of the gravity pattern is an extension to the north-west 
of the block - the Warri and Anketell Gravity Ridges.
These establish the anomaly as a continental feature contin­
uing to the Western Australian coast. Unfortunately there 
is no basement outcrop along its length. It is proposed that 
the ridge marks the site of the Musgrave Metamorphic Belt 
(and consequently the Musgrave Geosyncline) which bisected 
the continent during the period 1600 to 700 m.y.. It was 
the major, and hitherto unsuspected geological structure of 
that time (see figure 15.1) . Reference to the compilation 
of radiometric ages by Compston and Arriens (1968) shows that 
the nearest basement complexes were cratonic during this 
interval. The 'new' orogenic belt fills an apparent gap in
the tectonic history of Australia.
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Comparable r adiometric ages are found in the Fraser 
Range, a nort h - e a s t  trending granulite facies terrain 
(Arriens and Lambert, 1969) , and along the southern coast of 
Western Australia (figure 15.1). The Al bany Granite (1100 
- 50 m . y . ) is thought to mark the end of orogeny in the latter 
area (Turek and Stephenson, 1966). These occurrences may 
be linked in a g e o e h r o n o 1o g i c a 1 belt which projects toward 
the Musgrave Block. If g e o l o gically significant, it, and 
the Musgrave M e t a morphic Belt, define a Y-shaped structure 
which encloses the Western Aust ralian Shield, and bisects the 
eastern part of the continent in an east-west direction. It 
may be the d o m i nating feature of the A u s t ralian Precambrian.
Of great interest is the junction of the Y at Cohn Hill, 
perhaps the geological crossroads of Australia. Within the 
Musgrave Block this locality marks a rapid change in structural 
level from the deep - s e a t e d  granulites at Cohn Hill to the 
surficial volcanics of the Warburton region.
A further expansion of view leads to the examination of 
met am orp hic terrains in other continents.
The Lofoten region of Norway is geol o g i c a l l y  similar to 
the Musgrave Block and has been studied g e o c h r o n o l o g i c a l l y 
by Heier and Compston (1969) . The meta m o r p h i c  complex contains 
a comparable range of lithologies, although the silica contents 
of rocks are generally lower (Heier, 1960 - e.g. monzonitic 
granulites are e q u i valent to massive granulites). Analogous 
pr im ar y and seco ndary mineral assemblages are found, but are 
com pl ic at ed by hydrous retrogressive m e t a m o r p h i s m  (Griffin 
and Heier, 1969). Layered gabbroic and anorthositic 
intrusions display subsolidus o l i v i n e - p l a g i o c l a s e  reactions
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equ iva len t to those of the Giles Complex. Depl etion of U,
Th (Heier and Adams, 1965), Rb and Cs (Heier and Brunfelt,
1970) is postulated.
The gneisses record two Rb-Sr total rock ages of 2800 
and 1800 m.y.. These are i nterpreted by Heier and Compston 
(1969) and Griffin and Heier (1969) as the times of high 
grade and retrogressive m e t a m o r p h i s m  respectively. Two arrays 
of data points on an isochron plot are found; those which 
suggest both ages have a great scatter of points; precise 
isochrons exclusively show the younger age. From arguments 
pr e s e n t e d  in this thesis, it is possible that these ages are 
pre-me t a m o r p h i c . However the Svolvaer Granite, which has
granu lit e facies affinities (it contains orthopyroxene), 
is dated at 1800 ± 200 m.y. and probably records the time of 
intrusion. On the assumption that it is an anatectic body 
the time can be taken as that of the related metamorphism.
The age agrees with the younger result for the m e t a m o r p h i c s .
By analogy with the central Australian situation, the older 
and much less precise age records a p r e h i s t o r y  which is 
p r o ba bl y supracrustal (definite m etasediments occur in the 
a r e a ) . The only anomaly concerns very similar granites which 
record both ages, but which apparently differ in field o c c u r r ­
ence. The older types are small pockets in the banded 
granulites, while the younger are found in massive monzonites. 
This relationship can be explained in terms of an anatectic 
origin  at 1800 m.y..
The banded granulite is the more granitic in composition 
and yields a partial melt approaching this composition (see
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section 13.4.1). F r a c t i o n a t i o n  of Rb with respect to Sr is 
minor, p a r t i cularly as the melt c r y s t allises in situ. A 
co mp os it io nally and isot o p i c a l l y  un iform pa rent rock leads 
to a granite of similar Rb/Sr ratio and identical 8 7 S r / 8 6 Sr 
ratio. The original age is therefore retained.
The younger granites are derived by the m e l ting of a 
monzonitic rock. The partial melt will be very similar in 
bulk com position to that p r o d u c e d  by the banded granulite, 
even though the source is more basic. However, it will contain 
much of the Rb of the pare n t  and will be strongly frac tionated  
with respect to it, as melting will first consume any alkali 
feldspar. The monzonite, because of its low Rb/Sr ratio, 
will have a low Sr/ Sr ratio and this Sr will be bequ e a t h e d 
to the melt. Low initial ratio and r easonably high Rb/Sr 
ratio allows this granite to record the time of its generation.
The orogenic cycle in this area thus involved s e d i m e n t ­
ation (2800 m .y .?), high grade and later retrogressive  
me ta m o r p h i s m  (1800 m.y.) with accom p a n y i n g  anatectic granites 
and basic intrusions, and finally slow uplift.
The Grenville Province of North Am erica is the closest 
geological analogue of the Tomkinson Ranges. It has three 
components, (i) m e tasediments of undoubted supracrustal 
origin, (ii) basic igneous intrusives (Keweenawan gabbroic 
rocks and anorthosites) and (iii) acidic igneous intrusives 
(granites and syenites). Some syenites and m a n g erites of 
dis pu te d origin may be related to either (ii) or (iii).
With out  getting deeply enmeshed in the geological cont r o v e r s y  
over the history of the region, two models have been p r o posed
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to explain the geology of the Adirondack Highlands,
(a) Sediments intruded by gabbro and anorthosite are later 
metamorphosed, intruded by acid rocks and deformed in 
the Grenville Orogeny (Buddington, 1939).
(b) A metamorphic basement including the igneous rocks,
is unconformably overlain by sedimentary rocks, and the 
whole later metamorphosed in the Grenville Orogeny (de 
Waard and Walton, 1967 ) .
Geochronological evidence is limited to ages (Rb-Sr unless 
otherwise stated) of 1100 m.y. for syenitic rocks (see section 
8.3), and 1080 m.y. from zircons which give a minimum result 
for the anorthosite (Silver, 1968) . Older metasediments 
occur in several other areas and are dated at 1230 ± 72 m.y.
near Westport, Ontario (Krogh and Hurley, 1968). There they 
accompanied by a 1000 m.y. monzonite. Rubidium- 
strontium mineral ages from 200 kilometres west of Westport, 
are given by plagioclase - total rock (930 m.y.) and apatite - 
total rock (780-1000 m.y.) tie-lines (Krogh and Davis, ,1971) . 
Mica ages tend to be younger. The best guess for feldspar 
ages in the Grenville Province is therefore 900 m.y.. From 
these separate studies it is concluded that the region is 
characterised by 'old' metasediments, the constant factor of 
acid plutonism at 1100 m.y. and mineral ages at 900 m.y..
The resistance of total rock samples to updating will 
result in the preservation of intrusive ages in the acid 
igneous rocks, and allows them to act as a time datum (many 
of the so-called igneous rocks are in fact tectonites).
This acid plutonic event may be crudely correlated with the 
climax of metamorphism which is then placed at 1100 ± 100
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m.y.. The m e t a s e d i m e n t a r y  rocks i s o t o p i c a l l y  display their
supracrustal derivation - sedime n t a t i o n  at 1200 m.y. or 
older. Therefore the m e t a s ediments pr edate the igneous rocks, 
di sp rov ing postulate (b).
During the 1100 m.y. revolution, the K e w e e n a w a n  basic 
magma intruded the region to produce gabbroic and anorthos- 
itic masses. C o n t e m poraneous e m p l a c e m e n t  with the acid 
rocks was in part responsible for the c o n f using field 
relations which dog studies of anorthosite genesis. More 
p o te nt  in this regard was the m e t a m o r p h i s m  of acidic d i f f e r ­
entiates of the basic magma. They then became p e t r o l o g i c a l l y  
in di st ing uishable from granites of the 1100 m.y. event and 
some metasediments; contacts were obliterated. The high 
temperatures deve loped during the metamorphic climax were 
retained longest in the high grade areas of the A d i r ondack 
Highlands and near Westport. Slow cooling p r o d u c e d  young 
mineral a g e s .
A much higher level of exposure is found in the Duluth 
region where the basic and acidic intrusives are u n m e t a ­
mo rp ho se d (Olmsted, 1968) and have much the same ages as 
above.
The Tomkinson Ranges could act as a m i c r o c o s m  for the 
Grenville Province. The E warara-Teizi region is equi valent 
to the Ad irondack Highlands, the Bell Rock Range - Tollu area 
matches the Duluth region. Remarkably, the p a r allel extends 
to comparable radiometric ages and raises the q u e stion (outside 
the scope of this thesis) of the relationship of these regions 
to a world wide orogenic system which is c h a r a c t e r i s e d  by 
anortho sit ic magmatism.
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A brief mention can be made of the metamorphic and 
igneous complex in the Grampian Highlands, which although of 
lower grade, displays a similar historical pattern. Pankhurst 
(1970) and Dewey and Pankhurst (1970) establish the following 
sequence of events from geological and geochronological 
e vidence .
Uplift completed 400 m.y.
Late high level granites 460 m.y.
F deformation - beginning of uplift 490 m.y.
Newer gabbros 501 ± 17 m.y.
metamorphic climax
De formational and metamorphic phases 
Pre-metamorphic granites 515-545 m.y.
Sedimentation 700-900 m.y.
All four orogenic belts reveal a similar pattern of 
development through the following idealised stages.
(a) Sedimentation and volcanism followed by burial.
(b) Deep burial and deformation followed by a rapidly 
attained metamorphic climax and the formation of some 
anatectic granites.
(c) Intrusion of basic magma in the first period of 
relaxation after the metamorphic climax.
(d) A second stage of deformation, the beginning of uplift 
and the appearance of uplift-generated granites.
(e) Gradual uplift and cooling leading to post-orogenic 
molasse sedimentation.
The time span for these events varies, but is at least 
500 m.y.. The sequence of events so established may be one 
pattern of orogenesis in regions which attain high metamorphic
grade.
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CHAPTER SIXTEEN: CONCLUSION
16.1 Introduction
This final chapter seeks to briefly outline the trains 
of thought in the thesis and to collect them in an interpret­
ation of the behaviour of Pb isotopes during metamorphism.
It ends with reflections on the Sr isotopic geochemistry 
of metamorphic rocks.
The main aim of the thesis is to understand the Rb-Sr 
isotopic system in metamorphic rocks. This is primarily 
achieved in the interpretation of isotopic results for 
granulites from the Tomkinson Ranges. The lines of approach 
are many and begin with the geological context and metamorphic 
petrology. The Sr isotopic data are the major avenue 
through the detailed and regional studies. Lead isotopic 
data are few in numbers, but significant in interpretation.
Trace element geochemistry provides a further constraint.
The sum reveals more concerning the process of meta­
morphism. The role of chemical migration is examined 
through the consideration of Sr initial ratios and elemental 
abundances. Finally, the thermal tail of metamorphism is 
discussed.
The comparison of metamorphic and igneous rocks 
establishes their close relationship and allows the final 
path to be followed toward large scale geological processes.
In concert, a model of metamorphic development is derived 
which has application to the further interpretation of Pb 
isotopic data through the postulate of relatively unfractionated
hi story.
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1 ^ 2 __ An Expansion of the Model for Lead Isotopic Development
The proposed model of relatively unfractionated history 
envisages the evolution of Pb isotopic compositions in 
pseudo - single-stage systems where y fluctuations are minor.
It predicts concordant Pb model and actual ages of rocks
for which some supporting evidence is presented in section 
5.3.
The simplest test of the hypothesis is to compare measured 
y values as compiled by Doe (1970) with the expected range 
of between 8.5 and 9.3. While rocks with y values of 
approximately nine are common, higher values predominate.
There are however few data for granodioritic rocks; a 
composite sample of a suite of such rocks has a mean y of 9.1 
(V.M. Oversby, pers. comm.). Because most isotopic data 
are consistent with values of about nine, further measurements 
are demanded.
One clear feature is the ubiquitous high U/Pb ratio in 
granitic rocks (sensu stricto). The fractionation processes 
which produce these rocks are most potent in increasing y.
It is probable that similar sedimentary phenomena exist, 
but they are not considered particularly relevant in this 
context. As detailed in earlier chapters, U loss during 
granulite facies metamorphism can be extreme, resulting in 
very low U/Pb ratios.
It is now postulated that except where exposed to these 
two effects, most rocks evolve in a system where y is between 
8.5 and 9.3. Geochemical fractionation in the different life 
stages of rock materials will cause variations in this
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parameter, but these are taken to be slight. Specifically, 
a granodiorite will contain feldspar Pb with a model age 
equal to the time of solidification; the rock Pb will fall 
on the geochron. A granite will have a similar feldspar, 
but a negative model age for its rock due to a high e r  y.
The feldspar will be normal because the high U/Pb ratio 
results from the fractionation proc esses oper ating during 
the igneous stage. At the time of empl a c e m e n t  this will 
not have affected the Pb isotopic composition of the melt.
M e t a m o r p h i s m  will disturb this situation, cert ainly 
affecting mineral and perhaps total rock systems. At the 
time of m e t a m o r p h i s m  the rock has a model age e q u i v a l e n t  to 
that time; the feldspar is older and appropriate to original 
genesis. A mphibolite facies m e t a morphic grade is sufficient 
to cause the ho m o g e n i s a t i o n  of the Pb in minerals as shown 
by other studies and by analogy with Sr (see section 5.2.2 
and chapter t e n ) . Because it has e quilibrated with rock 
Pb the model age of such a feldspar, relative to the time of 
metamorphism, depends upon the rock y in the p r e - m e t a m o r p h ic 
stage. If it is close to those in previous stages, as in 
the po st ulated granodiorite, the ages will be the same. If 
the rock y is higher as in the case of a granite, the model 
age will be s i g n i ficantly younger by an amount depe nding 
upon the y difference between previous stages and the length 
of the stages. If the Rb-Sr total rock system is unaf f e c t e d  
(as is likely) its age will pr edate that of the common Pb 
system. Both rocks will appear anomalous, dif f e r i n g  only 
by degree, even though the feldspar from the g ranodiorite  
records a legitimate m e t a m orphic age. The feldspar Sr system
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will also be reset under similar conditions and can be 
directly compared with the Pb model age. If a relatively 
unfractionated Pb system is involved the ages should be in 
reasonable agreement; the rock of high y will have a 
distinctly younger Pb age (although all gradations between 
the two many occur). Thus any study of feldspar Pb must 
clearly demonstrate that Rb-Sr rock and mineral ages are 
concordant before placing any significance on a Pb-Sr age 
discordance (with the exception of systems which experience 
almost total loss of U and cease to evolve).
A similar result to that produced by metamorphism of a 
granitic rock will be found when this rock type is remelted. 
Feldspar in the new igneous body will contain anomalous Pb 
reflecting isotopic development in the high y environment of 
the parent. Probable examples are young granites with 
negative model ages which are described by Doe (1967).
Several case histories will now be discussed in the 
light of the above metamorphic model. Unfortunately in most 
cases the data available do not allow complete coverage.
Metamorphism of rocks with high U/Pb ratios is well 
documented by Zartman (1965a) and Doe et a l . (1965). The
former case in unravelled in detail by Ulrych and Reynolds 
(1966). A suite of igneous rocks at Llano, Texas, though 
now metamorphosed to varying degree, has an intrusive age 
of approximately 1150 m.y. from a Rb-Sr total rock isochron 
(Zartman, 1965b) and zircon dating (Silver, 1963). The 
feldspar Rb-Sr system records 1050 m.y. as a metamorphic
effect.
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The U-Pb system in a gneissic rock has a total rock 
isochron age (analogous to those of Rb-Sr isochrons) which 
is also that of the time of emplacement - 1100 m.y..
However, rock - feldspar tie-lines are in some cases younger 
at 900 m.y..
Thus the Rb-Sr and U-Pb systems show identical behaviour 
in which total rock determinations are older than those for 
minerals.
Lead model ages for most feldspars are approximately 
940 m.y. and are in reasonable agreement with the feldspar - 
rock tie-lines. Those for the gneiss are erratically young 
and sometimes negative. The initial ratios of the U-Pb 
isochrons have a model age of 1105 m.y. in agreement with the 
emplacement ages. Again mineral results are systematically 
younger.
Metamorphic homogenisation provides a reasonable 
explanation. The younger mineral ages are consistent with 
the isotopic homogenisation of Sr and Pb during a metamorphic 
episode at 1000 m.y. during which the feldspars attained 
the isotopic composition of the total rock.
It is therefore possible to reconstruct the isotopic 
history of the area. Intrusion of all rocks took place 
at 1130 m.y. with all showing a relatively unfractionated 
Pb history to that time. All total rock systems became 
closed. Fractionation during magmatism produced high y 
values in what was to become the gneiss. Subsequent meta­
morphism reset the mineral systems, causing lower Pb mineral 
ages with respect to Sr. This may be due to a lower
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tempe rature of closure in the Pb system or more pro b a b l y  
a slightly higher y value during the intrusion to m etamorphic  
p e r i o d .
Zartman and Was s e r b u r g  (1969) p r e sent isotopic data 
for several localities within the Grenville Province. The 
geo chr on ology of this region is discussed in section 15.4 
with the conclusion that Rb-Sr feldspar ages are pro b a b l y  
900 m.y.. This situation applies in p a r t i c u l a r  to areas of 
granulite facies m e t a m o r p h i s m  where slow cooling is to be 
expected. U n f o r tunately the pu b l i s h e d  Rb-Sr ages for 
feldspars are calculated using assumed initial ratios and 
may be in error. They probably lie between the total rock 
age and the time at which mineral h o m o g e n i s a t i o n  ceased.
As a result it is assumed that feldspar ages of 900 m.y. are 
common throughout the region.
Table 16-1 compares Pb model, Rb-Sr mineral and total 
rock ages for the areas studied by Zartman and W a s s e r b u r g  
(1969) . Although the data are imperfect and some i n t e r p r e t ­
ations can be questioned, the Pb model ages are in better 
agr ee me nt with results for minerals than for total rocks.
A similar interpretation can be pl aced on analyses by Doe 
(1967) although Rb-Sr results for minerals are inadequate. 
K-Ar or Rb-Sr dates on micas may be useful in these cases if 
final cooling has been rapid.
It is concluded that the model of rela tively u n f r a c t i o n ­
ated history, when applied in a m e t a morphic context, provides 
a reasonable description of the Pb isotopic system in these 
feldspars. It is still only an a p p r o ximation because
TABLE 16-1
Comparison of Pb Model and Mineral Ages
Locality Model Age Mineral Age Rock Age
Westport, Ontario
WA 1 840 900 ( ?) 1040
WA 2 910 II II
Adirondack Mtn s
AZ 1 845
AZ 2 765 (900 ) 1140
AZ 5 920
AZ 13 715
Shenandoah N . P .
B 15 860
Bl 1 5p 690 (900) 1000
B 16 835
Balmat 835 (900 )
Leg Pond 1170 960 1100?
Grenvi11e
LG&K 1 1040 1160 1160
Llano 940 1050 1100
St Kevin Batholith
C 3 1305 1320 1470
C 20 1215 1330 II
Churchill Province
3798 1695 1720 ?
4219 1740 1710 ?
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metamorphism introduces another growth stage in which there 
may be a further change in y. Any change will lead to 
greater deviation from the hypothetical single-stage system 
and error in the model Pb age.
Zartman and Wasserburg (1969) have proposed that Pb 
model ages are generally 150 m.y. younger than the true age 
for 1000 m.y. rocks. Much of this discrepancy can be accounted 
for by metamorphic effects in that mineral ages in any meta­
morphosed system will be distinctly younger than the rock 
ages.
An orogenic belt begins its life as a geosynclinal zone 
which is filled by sediments and volcanics. The deposited 
materials will have undergone Pb isotopic growth in one or 
more pre-existing systems. It is postulated herein that 
depositional processes have little effect on their y values; 
significant changes are a result of the extreme geological 
phenomena described above. As both sedimentation and 
volcanism are large scale mixing processes they will tend 
also to isotopically homogenise Pb in the geosyncline. 
Consequently, any pre-depositional isotopic anomalies will 
be reduced and changes in y will be small. Therefore most 
rocks will behave as relatively unfractionated systems during 
this period.
Metamorphism is the next major influence on the system 
and its effects vary with grade. In the amphibolite facies 
isotopic homogenisation of minerals occurs and the U/Pb 
ratios of rocks tend to decrease. Metamorphic ages register 
in the minerals while the rocks continue to evolve. In the 
granulite facies, small scale homogenisation of rock systems
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may occur, but the important effect is a significant decrease 
m  y through the loss of U. Both rock and mineral systems 
cease to evolve and will therefore record the time of 
me tamorphism.
Anatexis allows further large scale mixing of P b . If 
the source rock has had a relatively unfractionated history, 
the resultant igneous rock will have a model Pb age for its 
feldspar which equals the time of emplacement. No direct 
isotopic record of the source remains - it may be of any age 
and have had a normal y history. Melting of granulite after 
metamorphism will produce a U-deficient magma with a Pb 
model age approximating the time of granulite facies meta- 
morphism. As this can be distinctly older than the time 
of intrusion, it is a clear indication of derivation from a 
low-y environment i.e. granulite facies rocks.
This approach has been used by Zartman (1969) to identify 
an older basement in the Grenville Province. However, he 
ascribes model ages which approximate the true age to large 
scale crustal mixing; that is, the introduction of new, or 
the complete reworking of older material. The interpretation 
derived from this work is that such rocks have merely had a 
relatively unfractionated history. They may be of any 
original age if the system has continued to evolve with a 
relatively constant y. The method can only be used to uniquely 
identify material which has suffered a previous, pronounced 
decrease in y as a result of granulite facies metamorphism or 
an increase in y associated with granitic magmatism.
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16.3 The Strontium Isotopic System and Metamorphism
The total rock method of Rb-Sr dating is extremely 
successful in providing reliable estimates for the age of 
many geological phenomena. The primary reason for this 
success is a great resistance to isotopic disturbance. In 
addition, when the method is applied to a rapid closure 
system, the interpretation of the result is unambiguous.
These two factors have a special relevance to metamorphic 
geochronology. Firstly, the difficulty of updating total 
rocks engenders a doubt as to whether the age really refers 
to metamorphism. Furthermore, the meaning of isotopic 
closure becomes obscure as metamorphism may operate over a 
span of time.
The present study shows that it is possible to determine 
ages for granulites that are relevant to the process of 
metamorphism. Registration of such an age is accomplished 
by the small scale isotopic homogenisation of total rock 
systems. Thus the concept of isotopic homogenisation is 
confirmed as a means of interpreting geochronological 
data for metamorphic rocks. Solid diffusion is probably 
the mechanism by which uniformity of isotopic composition is 
achieved. A thermally activated process, it has the capacity 
to cease operation within a small temperature range. As a 
consequence, precise metamorphic ages may be preserved.
Short duration of the highest grades of metamorphism will 
also aid the registration of ages. Some indication of this 
may be seen in the contrasting behaviour of two decay schemes. 
The U-Pb system records prograde metamorphism by a pronounced 
loss of U due to partition into the fluid phase lost during
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dehydration. By contrast, the Rb-Sr system records the 
cessation of diffusion during the terminal fall in temperature. 
In the present study ages given by both methods are essen­
tially identical. Therefore it may be inferred that the 
onset, climax and decline of metamorphism took place within 
a short time interval.
Many granulites originate as normal supracrustal rocks 
which have definite isotopic characteristics. It has been 
demonstrated that these features can survive granulite facies 
metamorphism. Isotopic systems of this type are often 
representative of extremely large volumes of rock and may 
also characterise specific rock units. Consequently, there 
is an ambiguity in the interpretation of all total rock 
-isochrons for granulites; an age may be inherited or 
metamorphic. It is concluded that metamorphic updating of 
anhydrous rocks is extremely difficult and may only occur 
within the granulite facies.
There are several basic approaches to the geochronology 
of metamorphic events.
The direct approach is to obtain a Rb-Sr total rock 
isochron for the metamorphic rocks. Ambiguity in inter­
pretation is an inherent weakness of the technique. This 
work shows that it is difficult to establish a direct 
connection between the age indicated and the process of 
metamorphism. Isotopic homogenisation during the thermal 
peak will be revealed by parallel isochrons for restricted 
rock volumes. Inherited ages may be suspected if isochrons 
are characteristic of rock units or represent large areas.
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The use of two geochronological methods in conjunction, 
for example Rb-Sr and U-Pb, is a fruitful approach. The 
geochemistry of these elements results in quite different 
reactions to geological processes. If ages indicated by 
the two systems are in agreement then a specific event in 
time is certain. The U-Pb decay scheme is particularly 
useful as it responds to the depletion of U which occurs 
during metamorphism. Zircon U-Pb studies may also be used 
in this context. It is possible that they will record 
both high grade and supracrustal stages.
The indirect approach dates a manifestation of metamor­
phism which may have behaved as a rapid closure system.
Synmetamorphic granites (as defined in this thesis) are the 
best example. The generation of an anatectic melt may well 
be contemporaneous with a thermal maximum. If the body 
remains in place it may be protected from isotopic disturb­
ance by the difficulty of updating its total rock systems.
If the magma moves to higher levels the isotopic system can 
close rapidly and will not be subject to later’ thermal 
events. While secure isotopically , it may still record 
textural changes which constrain the time of deformational 
episodes.
Mineral dating, the most commonly used method in 
metamorphic geochronology, provides its own special inform­
ation. The data must be interpreted by means of diffusional 
concepts and may then be related to two end-member geological 
situations. If the thermal decline of metamorphism is 
instantaneous, the age is that of metamorphism - minerals 
will be concordant with total rocks. If decline is slow,
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the ages map the retreat of isotherms, and record the late 
stage thermal structure of a region. This approach is most 
useful in the study of the 1ate-tectonic phase.
The present armoury of geochronological techniques 
allows a number of the phases of metamorphism to be placed 
in time. As shown above, the Rb-Sr method can determine 
the times of original genesis, the thermal climax and 
successive cooling periods of metamorphic rocks. With 
further detailed studies and development it will be possible 
to establish a definitive chronology. Such an achievement 
wi-ii be of great value to the study of orogenesis which is 
the present front line of the geological sciences. It is 
hoped that this thesis is a contribution toward that end.
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APPENDIX I ~ EXPERIMENTAL TECHNIQUES 
1_ Rubidium - Strontium Isotopic Analys i s
(a) Rock Crushing
Between 0.5 and 1.0 kilograms of rock are broken into 
approximately five centimetre sized pieces with a sledehammer. 
Weathered surfaces are removed using a hand operated press.
The sample is then passed through two jaw crushers and 
fragments reduced to less than five millimetres in diameter. 
After thorough mixing in a specimen splitter, a 100 gram 
aliquot is taken and the remainder placed in storage. The 
aliquot is crushed to -200 mesh in a Siebtechnik grinding 
mill with tungsten carbide elements. A ten gram aliquot is 
taken for analytical purposes.
(b) Chemical Processing
Sufficient sample is weighed into a Pt dish to provide
either 10 y grms of Sr or 15 y grms of Rb with the proviso
that the minimum amount of sample is 0.1 grams. Strontium
and rubidium are processed separately, but with the same
chemical treatment. This involves an HF - HC104 digestion
followed by conversion to chloride using 2.5N H C 1 . The
chloride solution is decanted into a beaker containing a
8 4 8 7known amount of Sr or Rb spike (enriched in Sr and Rb 
respectively) and taken to dryness. The combined amount 
of sample and dispensed spike is arranged so as to achieve 
an optimum isotopic ratio for the mixture from error magnif­
ication considerations. The Sr and Rb spiked aliquots are 
dissolved in a minimal volume of 2.5 and 1.ON HC1 respectively 
and decanted onto ion exchange columns loaded with 20 grams
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of Dowex 50W - X8 200-400 mesh cation exchange resin. The 
purified cuts are collected in 30 mis of acid on elution.
Total processing blanks are approximately, Sr, .02 y grms 
and Rb , .01 y grms, and can be ignored relative to the
amounts of sample handled. Compston et a l . (1965) describe
a similar chemical treatment and aliquotting procedure which 
is that used for analyses of minerals.
(c) Mass Spectrometry
Samples are loaded as chlorides onto the side filaments 
of a Re triple filament assembly. Strontium is analysed on 
a 12 inch radius of curvature, 60° sector field mass 
spectrometer operating with a 6kV accelerating potential as 
described by Arriens and Compston (1968) . Isotopic ratios 
are measured by magnetic field switching, the magnet current 
being regulated by a field sensing probe and gaussmeter 
controller (similar to that described by Oversby et a1 . ,
1970). A Cary Model 31 vibrating reed electrometer with
input resistor is used for the measurement of ion beam 
intensity. Most data are corrected for non-linearity in 
the input resistor. Electrometer output is digitised by 
means of a voltage to frequency converter and scaler 
(Compston et a1 . , 1965) and peak heights are printed on tape. 
Rubidium analyses are performed on a six inch radius of 
curvature, 90° sector field mass spectrometer which employs 
a Craig ion source similar to that in the 12 inch machine and 
is also operated with a 6kV accelerating potential.
Magnetic field switching is employed and the readout system
is similar to that described above.
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The peak switching sequences used are - 
Unspiked Sr runs,
88 ,86 85 , 87 ,86 85 88 86 85Sr/ Sr, Rb, Sr/ Sr, R b , Sr/ Sr, Rb ,
87 86 85 , 88 ,86Sr/ Sr, R b , Sr/ Sr.
Spiked Sr runs,
88 ,86 84 .86 88 ,86 85 87 86 85Sr/ Sr, Sr/ Sr, Sr/ Sr, R b , Sr/ Sr, DRb,
8 8 ^  / 8 6 oSr/ S r .
8 8The Sr ion beam intensity corresponds to between two and
8 8 8 6seven volts. The Sr/ Sr is measured on the 3V or 10V 
m1_ 8 7 .86 „ 84 86range. The Sr/ Sr and Sr/ Sr ratios are measured on
the IV range. A single set of ratios involves about 15
observations of each peak height. The coefficient of
variation for such a set is usually between .02 and .04 per
cent i.e. a standard error in the Sr/ Sr ratio between
.0001 and .0004. Rubidium analyses involve measurement of 
8 5 8 7four sets of Rb/ Rb ratios each with 15 comparisons for 
which the coefficient of variation is approximately .04 
per cent. Zero measurements are made at the beginning and 
end of a run and when the electrometer range is changed.
A static zero is obtained by setting the magnetic field to 
that for a mass station well outside the mass range considered 
A dynamic zero is measured by switching from the static zero 
position to the most intense ion beam. Allowance can then 
be made for electronic memory during the switching of isotopic 
ratios. The memory effect is also reduced by a delay between 
the time that the ion beam enters the collector slit and 
that when the reading is taken. Tails are estimated from 
a chart-disp1 ayed sweep of the mass spectrum.
The peak height data are reduced by a computer program 
written by Dr. P.A. Arriens. Isotopic ratios are calculated
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after allowance for static and dynamic zero, beam curvature
8 7 8 7and tails. The Sr peak height is corrected for Rb from
8 5 8 7a measurement of R b . The Rb is generally less than
87 87 86 84 86.05 per cent of Sr. The Sr/ Sr and Sr/ Sr ratios
are corrected for mass discrimination by reference to a 
8 8 8 6Sr/ Sr ratio of 8.3752 for common Sr. No correction can
8 5 8 7be applied to Rb analyses - the Rb/ Rb ratio of natural
Rb is taken as 2.600. The Sr and Rb concentrations are 
computed.
8 7 8 6The coefficient of variation for Rb/ Sr ratios is
0.5 per cent (McIntyre et a l . , 1966). Replicate analyses
of NBS 70a potassium feldspar (Compston e t a l . , 1969)
establish a coefficient of variation of 0.2 per cent for
8 7 8 6both Sr and Rb determinations. The Sr/ Sr ratios are 
relative to a value for the Eimer and Amend SrCO^ standard 
of . 70813 (Arriens and Compston, 1968) . Measurements made 
throughout the period of this work confirm this result.
(d) Statistical Treatment of Results
The method of McIntyre e t a1 . (1966) is used to regress
the isotopic data as isochrons. The technique allows for 
uncertainty in both x and y coordinates.
8 7 8 6  8 7 8 6 2Variance in Rb/ Sr ratio varies as C x ( Rb/ Sr)
C is taken as 25.51 x 10  ^ corresponding to the analytical
uncertainty of 0.5 per cent.
The variance in Rp is a function of the ratio. For 
values near .700 the variance is estimated to be .06 x 10  ^
from replicate spike calibrations using a Sr standard. As 
the ratio increases it becomes more sensitive to the effect
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of variable blank and the variance therefore increases.
For ratios greater than one the increase is rapid, but
eventually becomes overshadowed in extreme cases by a
covariance effect between Rb/Sr ratio and R . Analyses ofP
the NBS 70a feldspar demonstrate a variance of 1.0 x 10 
at an Rp of 1.20. Knowing Rp and the variance in the blank 
an estimate of the variance in Rp could be made for each 
sample. However this approach has not been used because 
geological uncertainties in the data outweigh the effect.
It is allowed for by arbitrarily assigning a variance of 
.06 x 10  ^ to all samples with Rp less than .900 and 1.0 x 
10  ^ to the minority of samples with Rp above .900 .
The ages and initial ratios which result from the 
regression are quoted with uncertainties at the 95 per cent 
confidence limits. The mean square of weighted deviates 
(MSWD) is a measure of the degree of departure from linearity. 
This parameter is an F variate and if not significantly 
different from one demonstrates that fit to a straight line 
is to within experimental error - a model one solution. If 
significantly greater than one, geological uncertainty is 
assumed and three model solutions are obtained.
These are -
(1) Model Two: geological uncertainty is assumed to be
proportional to x i.e. samples have different ages, but the 
same initial ratio.
(2) Model Three: geological uncertainty is taken to be due
to variable initial ratios only - all samples have the same 
age .
(3) Model Four: this solution is a combination of models
two and three .
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In the thesis the model adopted is usually noted and may be 
that recommended statistically or one chosen because of its 
greater geological probability.
8 7The decay constant for Rb used in all calculations 
is 1.39 x 10 ^^ yr  ^ corresponding to a half life of 5.0 x 
10^° yrs (Aldrich et a l . , 1956) . This figure is derived
from a comparison of concordant U-Pb ages with Rb-Sr ages 
for minerals in pegmatites. It is independently supported 
by U-Pb determinations on zircons in relation to the total 
rock Rb-Sr ages (Pidgeon, 1969; Silver, 1968). The other
decay constant commonly used is 1.47 x 10  ^^ yrs  ^ as 
determined in a 8-counting experiment (Flynn and Glendenin, 
1959).
(e) X-ray Fluorescence Spectrometry
Prior to isotope dilution analysis Sr and Rb are 
determined to ± 10 per cent by a rapid X-ray fluorescence 
technique. The analyses allow an estimate of the weight of 
sample required to give an optimum isotopic ratio for the 
spiked mixture. Rock powder is manually pressed into 
sample holders faced with a Mylar window. The instrument 
used is a Philips PW 1540 X-ray fluorescence spectrometer 
(Mo tube, LiF (200) crystal, K a spectral lines, scintillation 
counter). Intensity measurements are made on the Rb and 
Sr peaks and on the background between and symetrically about 
these peaks. Absorption of X-rays within the sample is 
allowed for by estimation of its mass absorption coefficient 
using the peak to background ratio. Peak intensity data are 
reduced using a computer program written by Dr. P.A. Arriens.
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The Rb/Sr ratios used to calculate the initial ratios 
of the basic igneous rocks are derived by X-ray fluorescence 
analysis using a Philips PW 1220 spectrometer. Mounts are 
prepared in the manner of Norrish and Chappel (1967), the 
sample powder being pressed into a boric acid pellet under 
a pressure of two tons. X-ray intensities are measured on 
and about the peaks for Sr (200 secs), Rb (200 secs), Pb, Th 
and U (all 20 secs) . Correction is made for the interference 
effects of Pb, Th and U on Sr and Rb as described by Norrish 
and Chappel (1967). The mass absorption coefficient for Sr 
is calculated from the background intensity adjacent to the
This can be used to derive that for R b . Concentrations 
are relatively uncertain, but the Rb/Sr ratio is accurately 
known and sufficient for the purpose.
2_ Lead Isotopic Analysis
A single piece of rock (200 grms) is washed in 6N HC1 
and water in an ultrasonic cleaner to remove any surface 
Pb contamination. It is then immediately broken into small 
pieces which are cut into two aliquots and ground in a Spex 
mill. The first is crushed to -200 mesh as a total rock 
sample. The second and larger is sized between 60 and 120 
mesh. Alkali feldspar is extracted from this fraction by a 
gravity separation employing tetrabromoethane and acetone 
mixtures. All samples are stored in sealed plastic containers.
Chemical treatment (Oversby, 1970) involves an HF - HC10 4
dissolution in teflon apparatus. The dried residue is 
dissolved in 6N HC1. The total rock samples are then treated 
with NH3 gas and Pb is co-precipitated with the hydroxides of
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other elements at pH 6.5 . This step is unnecessary for
feldspars. The sample is then treated with 8.8N HBr prior 
to ion exchange. Lead and uranium are extracted from 
solution by ion exchange chromatography using Bio-Rad 200- 
400 mesh AG 1 X8 anion exchange resin. The eluted Pb-bearing 
solution is taken to dryness. The Pb concentrate is later 
dissolved in water and the Pb precipitated as Pbl2 in a 
sample tube. Processing blanks are approximately .2 y grms 
relative to 20 y grms in the sample.
The sample loading technique and mass spectrometry are 
described in detail by Oversby et a l ., (1970). The method
employs a gas source mass spectrometer in which Pbl^ vapour 
is ionised by electron bombardment. The precision of 
isotopic ratio measurements is approximately 0.1 per cent. 
Minor isotopic fractionation is removed by combining unspiked 
and double spiked runs in the normalisation procedure of 
Compston and Oversby (1969) .
Uranium is analysed by solid source mass spectrometry
using the six inch radius of curvature machine described
2 3 5above. The sample is spiked with u and loaded onto the 
filaments as the nitrate.
_3 Total Rock Analyses
The methods used for the chemical analysis of total rock 
samples are - Si, A l , Fe, Mg, C a , K, Ti, P and Mn by X-ray 
fluorescence spectrometry; FeH  by voltametric titration;
Na by flame photometry and and by gravimetric means.
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(a) X-ray Fluorescence Spectrometry
The analytical procedure is identical to that of Norrish 
and Hutton (1969) . It involves fusion of a rock powder 
(.28 grms) with lithium borate flux (1.5 grms) and sodium 
nitrate (.28 grms) followed by moulding of the melt to form 
a glass disc. Duplicate discs for each sample are irradiated 
in a Philips PW 1220 X-ray fluorescence spectrometer. Kot
spectral lines are used for analysis and X-radiation is 
detected with a flow proportional counter. Operating 
conditions are given in table 1-1.
TABLE 1-1
Operating Conditions for the X-ray Fluorescence Analysis of
Major Elements
E1emen t Tub e kV mA Crystal Counting 
time (secs)
Si Cr 44 36 PE (002) 100
Al II II II II II
Fe W 100 20 LiF ( 2 00) 40
Mg Cr 44 36 A D P (110) 200
Ca II II 9 LiF (200) 40
K II II 8 II II
Ti II II 10 II II
P II II 36 Ge (111) 100
Mn W 100 20 LiF (200) 40
A reference mount is calibrated by comparison with standard
rocks (see table I-2) and its nominal content of an e1ernent
determined (see Norrish and Hutton, 1969 - the per cent
element uncorrected for matrix absorption). Count rates for
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TABLE 1-2
Comparison of the Accepted and Determined Values for Standard 
Rocks in Weight Per Cent Oxide
Oxide Precision G S P - 1 AGV-1 BCR-1 PCC-1
S i 02 (±.20) 67.25* 
(67.24)
58.99*
(58.36)
53.92*
(53.92)
41.41*
Al()2 3 (±.07) 15.00* 
(15.08)
17.00*
(17.04)
13.47*
(13.36)
Fe 2 3 (±.03) 6.74 
(6.79)
13.41*
(13.39)
MgO (±.06) 1.53
(1.46)
3.44 
(3.44)
43.46*
CaO (±.01) 1.99 
(2.03)
4.90 
(4.93)
6.98*
(6.98)
k 2° (±.01) 5.48*
(5.52)
2 . 90 
(2.90)
1 . 70 
(1.74)
Ti02 (±.01) .66 
( .66)
1.05 
(1.06)
2.25*
(2.25)
P2°5 (±.01) .28
(.27)
. 50 
(.48)
. 37 
( . 36)
MnO (±.002) .10 
( . 10)
. 19 
( . 19)
* = value used for standardisation
( ) = determined in the present work
the unknowns are compared with the reference and their nominal 
concentrations obtained by the method of linear calibration. 
Final reduction of these data combines all X-ray fluorescence 
and other chemical analyses to remove the effect of matrix 
absorption. The iterative calculations use matrix coeff­
icients and are done by an electronic computer. Backgrounds
I
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measured on blank mounts are subtracted. Magnesium analyses 
are corrected for crystal fluorescence resulting from the 
use of an ADP (110) crystal. Elements of atomic number 
greater than that of P cause the analysing crystal to emit 
P Ka radiation resulting in a variable background intensity. 
The effect can be calibrated using mounts containing known 
amounts of these elements. Table 1-2 gives the accepted 
analyses for standard rocks, those obtained when they are run 
as unknowns and the analytical precision found.
(b) Sodium Analyses
The analytical method for Na is essentially that of 
Cooper (1963). It involves flame photometry using a 
Perkin Elmer Model 146 flame photometer with Li internal 
standard and standard solutions which contain both Na and K. 
Unknowns in the range 2 - 40 ppm are bracketed by standards 
(at 5 ppm steps) and determined by linear calibration. 
Duplicate analyses are in agreement to within 0.5 per cent.
(c) Ferrous Iron
Potentiometrie titration of FeH  is as in Kiss (1967) 
except for the use of Pt/Pt-Rh electrodes in place of W.
The rock powder is subjected to HF - H2S04 digestion under 
nitrogen and the solution is titrated with potassium 
dichromate solution. The end point is detected by continuous 
potentiometric readings. The titrant is calibrated against 
a standard pyroxene determined by Mr. E. Kiss. Duplicate 
titrations are in agreement to within 0.5 per cent.
(d) y-ray Spectrometry
The apparatus and method are described by Heier et al . 
(1965). The instrument comprises a five inch by four inch
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Tl-activated Nal crystal linked with a 200 channel model 
34-8 RIDL pulse height analyser. The samples (approximately 
500 grms) are loaded into plastic cans and placed over the 
crystal. Counting times are either 12 or 24 (rarely 48) 
hours depending on the concentrations under analysis. The 
precision of the method as determined from counting statistics 
is K (approximately .3 per cent) , U (less than 5 per cent) and 
Th (less than 1 per cent). Analyses of standard rocks and 
observed precision are given below.
Sample K % U ppm Th ppm
G - 2 3.77± .02 2.1± . 2 25.61.2
* (3.71 2 . 1 25.7)
BCR-1 1.42±.01 1.6± . 1 6.0 9± .04
* (1.39 1.6 6.1)
* after Lambert and Heier (1967)
Background levels are monitored weekly by counting a NaCl 
blank.
(e) Water and Carbon Dioxide
The method of Riley (1958) is used to determine H 02
and C02 . The analyses for water refer to that fraction 
driven off above 120°C.
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APPENDIX II - COLLECTION OF SAMPLES
1_ Cons tr aints
Age determinations by the Rb-Sr total rock method 
generally rely on the isochron equation to allow for initial 
Sr. For this procedure to be valid the assumptions inherent 
in the equation must be satisfied.
Rp = Ri + (eXt- 1) 8?Rb/86Sr
where,
Rp = the present day 87Sr/86Sr ratio
8 7 8 8Ri = the initial Sr/ Sr ratio 
t = time before the present
The assumptions are -
(a) time t must be the same for all samples.
(b) the samples must not have been isotopically disturbed 
between t and the present.
(c) all samples must have an identical Ri at time t.
Any suite of specimens must fulfil these requirements in order 
that its data points lie on a straight line to within experi­
mental error. A practical necessity (d), is variation of the 
Rb/Sr ratio within the suite, in order to precisely define the 
gradient of the isochron. Collection of material must be 
consistent with these restrictions.
It may be noted that rigorous application of the 
isochron equation is not necessary for geochronologica1 
purposes. Situations where scatter exceeds experimental error 
do give valuable temporal and geochemical information.
However the ideal case should be the original aim of any study.
11 -  2
The requirements of the isochron equation will now be 
examined for the case of metamorphic rocks.
(a) Metamorphism must produce an isochron of zero gradient 
if the time at which it occurred is to be registered. The 
isotopic age refers to that time when samples ceased to 
have an identical isotopic composition. Therefore the 
process responsible for isotopic homogenisation must halt 
instantaneously in all related rocks. Since metamorphism is 
a thermal phenomenon and homogenisation is responsive to 
temperature, all samples must have had the same thermal 
history. It is shown in chapter ten that cooling rates vary 
on a regional scale within a metamorphic terrain. Therefore 
collection of specimens should be restricted to an area of 
uniform history. This is difficult to define, but may be of 
the order of one square kilometre.
(b) Disturbance of the isotopic system may involve a change
8 7 8 6in Rb/Sr or Sr/ Sr ratios. Possible agencies are contact 
metamorphism, hydrothermal alteration, shearing and weathering. 
Their effects may or may not be obvious in the field. If 
they are observed, sampling should not be attempted unless the 
phenomena themselves are to be studied.
(c) A uniform initial ratio at time t is the most critical 
requirement of the model. It is related to (i) the homogen­
eity of the pre-metamorphic material and (ii) the possible 
homogenisation induced by metamorphism. The first can vary 
greatly depending on the dispersion in Rb/Sr ratio and the
relative ages of the rocks. In general, large variations in 
8 7 8 6Sr/ Sr ratio are to be expected. Exceptions such as a 
sequence of young greywackes are however always possible.
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The second concerns the efficacy of the homo g e n i s i n g  process. 
Ho mo ge nis ation of vast volumes of rock has been postulated, 
while the present work reveals a very small scale effect. 
Inhomo gen eity of initial ratio on a small scale must always 
be suspected. To reduce this problem samples should be 
taken from areas of outcrop size.
(d) The desire for dispersion in Rb/Sr ratio leads to a 
search for inhomogeneity. Most rock units show some
internal variation, but it may be insufficient to allow an 
age d e t e r mination by the isochron approach. The more removed 
the samples, the more likely that they will differ. Hence the 
counter to this difficulty is g e o g r a phically distant sampling 
sites .
Co nditions (a) and (b) can be a c c o m modated by sampling 
wisely  within relatively large areas (e.g. one square k i l o ­
metre) . However the crux of the sampling p r o blem lies in 
(c) and (d) which lead to opposed conclusions. One seeks a 
small, the other a large area of collection. A compromise 
is necessary.
2_ Field Procedure
The above reasoning led to the following a p p roach to the 
collectio n of samples. A part icular location was chosen for 
study in accordance with the strategy outlined in the thesis. 
It then became a locality, an area of about one square k i l o ­
metre. Within the locality, good outcrops of fresh rock were 
sought. From one such, a station, three or four one kilogram 
samples were taken within a 50 metre radius. The process was 
then repeated at one or two other stations between 300 and
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1000 metres away. Where mesoscopic layering was present 
several specimens were abstracted from each individual 
horizon. Mt. Aloysius was a special case, being a single, 
very large locality. Stations were arrayed in response to 
the particular geological situation. In this way it was 
hoped to approach the compromise outlined above.
3_ Assessment
The method is successful in providing material which 
does define an isochron in most cases.
(a) Dispersion in Rb/Sr Ratio
Of the 18 localities examined by rapid X-ray fluorescence 
analysis, three showed no intra- or inter-station dispersion 
in Rb/Sr ratio. Spread in all other cases was significantly 
improved by collection of more than one station. In many 
instances it made an age determination viable.
(b) Variation in Initial Ratio
Differences in initial ratio between stations are often 
found in updated rock units. This is primarily because the 
multiple samples allow the construction of individual iso­
chrons for each station. Broad scale sampling with one 
specimen per station would produce incomprehensible results. 
Ewarara,with its four different initial ratios is outstanding.
In contrast, 1600 m.y. localities generally, but not always, 
have single initial ratios. It may be said that variation in 
initial ratio can be introduced by this method of sampling.
It is however readily detected and is associated with the prime 
means of dating metamorphism. If suspected, at least four 
specimens per station are required to give an adequate isochron.
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Areas with large scale lithological layering often show the 
effect and each horizon at a station should be collected in 
this way. Ewarara, u n f o r t u n a t e l y  not sampled to this extent, 
again provides an example.
(c) Va riation in Age
No sign ificant differences in age were found within  
individual localities. The unc e r t a i n  isochrons of localities 
nine and seventeen may display this effect, but are p r e f erably 
explained by pro x i m i t y  to domain boundaries.
_4 Alte rnatives
The original r e c o n naissance coll ection from M t . Aloysius 
comprised single samples for each rock unit from sites 
sca ttered over six square kilometres. The isotopic data are 
widely scattered and suggest ages between 1100 and 1600 m.y.. 
They give little hint as to the detailed picture described in 
the thesis. The futility of regional sampling even on this 
scale in a situation of dual age and m u l t i - i n i t i a l  ratios is 
clear. Such methods are an e x c e e dingly blunt instrument to 
aPPxy to a reasonably sensitive problem. However in some 
cases, such as the Michael Hills Region, they can be utilised. 
Methods must therefore be tailored to problems, but detailed 
sampling remains the wisest course.
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2795
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12 34
1236
123 7
1 2 3 8
12 39
12 4 0
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12 43
12 4 4
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12 4 9
1 2 5 0
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12 54
12 55
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12 6 7
12 6 9
12 7 0
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12 7 7
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12 9 3
12 9 4
129 6
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Appendix III 2
Trace Element Data
S i 0 2$ K# Rb ppm K/Rb
7 4 . 8 9 4 . 3 0 198 2 1 7
7 1 . 8 0 3 . 7 0 125 296
5 8 . 5 8 1 . 9 6 88 222
6 2 . 9 8 1 . 5 2 58 2 6 0
7 3 . 6 1 3 . 6 9 75 495
6 4 . 2 0 1 . 3 4 35 385
6 3 . 6 8 O.32 6 517
5 7 . 5 0 0 . 5 7 4 1 5 0 0
6 4 . 9 0 0 . 9 8 19 513
5 8 . 9 8 0 . 9 4 20 456
6 4 . 9 5 1 . 1 3 18 631
6 6 . 8 3 1 . 9 0 53 3 6 0
5 8 . 0 0 4 . 5 9 132 348
- 3 . 2 5 147 221
7 3 . 7 8 4 . 7 7 199 2 4 0
7 3 . 5 9 4 . 7 7 2 00 238
7 4 . 5 9 4 . 6 6 242 193
6 4 . 9 1 2 . 3 7 121 196
- 2 . 0 8 95 218
- 1 . 5 3 70 2 2 0
7 1 . 7 7 1 . 4 4 70 206
7 7 . 3 4 0 . 6 7 28 240
7 1 . 4 5 2 . 5 1 97 260
- 3 . 0 1 111 271
6 3 . 2 8 3 . 2 1 1 20 268
5 5 . 9 1 1 . 2 8 11 1 2 0 0
6 7 . 5 3 2 . 1 0 68 308
6 6 . 0 0 2 . 9 0 I l 6 25 0
6 2 . 3 9 4 . 0 3 l 6 l 2 5 0
- 3 . 1 0 98 315
6 5 . 7 2 0 . 8 8 13 66 7
7 2 . 3 7 1 . 8 8 53 349
- 3 . 9 9 110 363
- 4 . 8 4 315 15 4
7 4 . 3 7 4 . 8 7 326 149
- 5 . 0 3 291 173
7 3 . 8 1 5 . 0 4 30 9 163
4 8 . 6 7 0 . 9 5 23 410
- 3 . 9 0 15 0 260
- 4 . 0 3 161 250
7 2 . 2 7 2 . 7 4 1 04 264
- 3 . 0 0 112 268
- 4 . 5 8 136 337
7 3 . 7 6 4 . 5 1 14 0 322
- 4 . 6 7 15 0 311
- 4 . 5 9 154 298
- 4 . 6 0 320 144
Sr ppm U ppm Th ppm Th/U
198 1 . 3 4 . 8 3 . 6
349 0 . 1 1 9 . 1 166
65 1 . 2 2 7 . 5 23
393 0 . 2 0 . 7 4 . 4
19 0 0 . 2 0 . 3 1 . 7
40 9 0 . 2 0 . 7 3 . 6
661 1 . 0 4 . 3 4 . 2
518 0 . 2 0 . 7 3 . 8
329 0.3 1 . 4 5 . 2
359 0 . 1 0 . 8 9 - 4
381 0 . 2 1 . 9 1 0 . 4
388 0.5 3 8 . 4 76
39 0 0 . 1 2 2 . 1 215
239 4 . 0 2 6 . 8 6 . 7
91 1 . 7 4 6 . 6 28
158 1 . 5 2 9 . 8 20
136 6 . 1 4 0 . 9 6 . 8
59 1 . 4 1 8 . 9 1 3 . 4
77 1 . 2 1 3 . 0 1 0 . 7
42 1 . 7 2 7 . 0 1 5 . 7
48 1 . 3 1 6 . 6 1 2 . 9
38 1 . 1 I 8 . 9 1 6 . 8
420 0 . 8 5 . 4 6 . 6
356 0 . 5 3 . 8 7 . 9
268 0 . 5 5 . 1 1 1 . 4
664 0 . 2 0 . 3 1 . 6
348 0 . 7 1 7 . 4 2 4 . 7
421 0 . 6 2 2 . 3 3 5 . 5
330 1 . 3 4 5 . 0 3 5 . 8
275 0 . 7 2 0 . 1 2 9 . 4
295 1 . 3 1 0 . 2 8 . 0
232 0 . 5 3 . 3 7 . 0
322 0 . 7 0 . 4 0 . 6
27 2 . 6 3 9 . 3 1 5 . 2
26 3 . 7 44.5 1 1 . 9
29 3 . 1 3 8 . 4 1 2 . 4
26 2 . 9 4 0 . 6 1 3 . 9
245 0 . 3 2 . 0 6 . 3
376 0 . 3 2 7 . 5 106
314 l.l -3“00 4 4 . 7
375 0 . 8 3.3 4 . 1
345 0 . 5 1 . 0 1 . 9
69 0 . 9 1 1 . 8 1 3 . 5
63 1 . 3 1 0 . 8 8 . 2
61 1 . 1 1 0 . 7 9 . 4
63 1 . 3 1 2 . 9 9 - 8
45 1 2 . 8 7 4 . 8 5 . 9
APPENDIX III-3
Modal Mineralogy of Granulite Specimens
Modal Per C e n t ; t(trace) < 1%; 1% < m(minor) < 5%; 5% <
M (Ma j o r ) .
Abbreviations U s e d : qtz = quartz; k f = alkali feldspar;
pi = plagioclase; opx = orthopyroxene; ga = garnet;
°P<3 — opaque ; sill = sillimanite; cpx = c 1 inopy roxene; 
horn = hornblende; biot = biotite.
Specimen qtz kf Pi opx g a °pq sill cpx horn biot
GA 2765 M M _ m _ _
2768 - - M - M - - M - —
2770 M M - - - t - - — _
2774 M M M - m - - - _ __
2779 - - M t M t - M - _
2780 - - M M - t - M - —
2785 M M M m - - - - - _
2786 m m M M - - - - _ _
2788 M M m - m - - - - —
2790 M - M M - - - - — _
2791 M - M M - - - - - _
2794 M - M M m - - - — —
2795 M - M M - - - - - t
2797 M - M M t - - - — —
27 98 t M M M M - - - — —
2800 - - M M - t - M - t
3540 M M M - m - - - - _
3541 M m M m m - - - - m
3544 M M - - m - - - _ _
3 5 4 9 A - - M M - - - - - _
3 5 4 9 B M m m m - - - - — _
69-1236 M M M - - - - — _ _
1237 M M t - M - M - — —
1240 M M - - M - M - - -
1242 M M m - M - M - - -
1243 M M M m t _ _ _
Specimen qtz kf pi opx ga opq sill cpx horn biot
69-1246 - - M M M - - - - -
1249 M M M M m - - - - -
1250 M M M m M - - - - -
1253 m - M m M - - - - -
1255 M M m - m - - - - -
1258 M M M m M M - - - -
1259 M M - - M - M - - -
1261 - - M M M M - M M -
1263 M M M M M M - M - -
1264 M M - - M - - - - -
1265 M M M M - m - - - -
1271 - M M M - m - M - -
1283 M - M - - m - m - -
1292 M M M - - - - - - -
1294 M M m - - - - m - -
1298 M M - m - m - m - -
1300 M M M - M - - - - -
1302 M M m m - - - - - -
1307 M M m - - - - - m -
1316 M M t - - - - - - -
1317 M m M - m - - - - -
1318 M m - - M - - - - -
1319 M M M - m - - - - t
1320 M M m - M - - - - -
1404 M M - - - - - t - -
1413 M M m t - t - t - -
1417 M M t - m - - - - -
1428 M M M - - t - - - -
1432 M M M m - - - - m m
1437 M M m - M - - - - -
1439 - - M M - t - M M -
1442 - - M M - t - M M M
1445 - - M M - m - M - m
1451 M M m m - - - - - -
70-182 M M M - - - - - - -
183 M M m - - - - - - -
188 M M - - - - - - - -
195 M M M M - - - - - m
204 M M M - - - - - - m
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ADDENDUM
The major issues raised at the oral examination were the domain 
concept and the emplacement history of the Giles Complex. Discussion of 
the former has led to a more complete means of presenting the results.
A Age Domains
It has been suggested that the data available do not justify the age 
domain concept of the thesis and that the geographical distribution of ages 
is either random or better correlated with lithology.
The results depicted on Plate III define three definite groups —  1600 
m.y. along the southern limb band and encompassing stations 83-89, 91-92(X), 
and 1250 m.y. at stations 44, 45, 54(Y) . Indefinite ages occur in the 
sillimanite granulite and at station 61. No exceptions are found within 
groups X and Y, and it must be stressed that the internal dispersion in 
Rb/Sr ratio at stations 84, 86 and 92 in X is sufficient to resolve a younger 
age if present. Nevertheless, some isotopic disturbance may be inferred in 
samples 1253, 1319 and 1441 from X, but is to be expected and does not affect 
the isotopic age significantly.
The distribution of ages is clearly systematic. Indefinite ages in the 
region between X and Y are a further characteristic. The domain concept was 
based upon this geographical arrangement and a similar, but larger scale 
relationship between localities 16, 17 and 18. The possibility that small 
domains or "pockets", internally uniform in age, are distributed irregularly 
throughout the region cannot be excluded, but seems unlikely as all ages are 
systematically arranged on a regional scale.
Lithological control of the ages registered in the granulites is not 
considered at length in the thesis for the following reasons:
(a) identical lithologies occur in both domains on Mt. Aloysius - garnet 
granulite A2(1600 m.y.) versus garnet granulite B(1250 m.y.); banded 
granulite traverse (1600 m.y.) versus banded granulite station 54 (1250 m.y. -
note same unit) (see table 3-1 for petrological details).
Ewararq
(b) at Ewarana (Locality 13), three quite distinct lithologies, with a 
range in properties comparable to those of rocks from Mt. Aloysius, have the 
same age. Thus isotopic age is independent of lithology in this area.
This question arose because the examiners felt that the domain boundary on
Mt. Aloysius could trend due north along the banded granulite - garnet granulite
B contact and then be a lithological effect. Two cases can be outlined:
(a) each unit has a characteristic age determined by its lithological pro­
perties. For example, garnet granulite B has a 1250 m.y. age, the sillimanite 
granulite has a 1600 m.y. age. Banded granulite station 54 must then be 
regarded as exceptional.
(b) the domain concept of the thesis remains as the alternative. The shape 
of domains, whose basic purpose is to simplify discussion, may differ from 
those shown in the thesis. Certainly, the boundaries are difficult, to define 
because of limited data and the expected no-man's-land effect discussed in 
the thesis. Note that on Plate III the boundary is shown as a dashed and 
discontinuous line.
To conclude, there are definite objections to the lithological control model 
and it must remain a possibility only; the domain model is consistent with 
the present data. The conclusions of the thesis stand regardless of which 
model is preferred.
Zircon dating is a useful tool in the study of high grade metamorphics 
(see chapter 16). In the present situation, since most rocks were probably 
volcanic and extruded at 1600 m.y., the ages registered would be identical
to the Rb-Sr results. Ages greater than 1600 m.y. might be found in the 
originally sedimentary materials; only in this case would further infor­
mation be gained which would refer to the sedimentary provenance of these 
rocks.
B, The Giles Complex
In the thesis the emplacement of all bodies of the Giles Complex is
assumed to have been contemporaneous (p.176). Further general supporting
arguments are analogy with the instantaneous intrusion of such large basic
cmasses as the Tasmanian and Antartic tholeiites, and the absence of cross- 
cutting relationships between the large intrusions. The posulate is reason­
able and is used by other workers in the area. However, Dr. Trendall has 
noted that Daniels (1969) considers the complex to have a distinct time 
span. Since the supporting evidence has not been presented the suggestion 
is difficult to assess. If correct, argument (6) on p.200 becomes less 
comprehensive, but is not invalidated, and the conclusions of the thesis, 
based on numerous other geochemical arguments, are unaffected.
Dr. Trendall presents in his report an alternative geological history 
based as follows:
(a) granophyres are part of the Blackstone Intrusion (Daniels, 1969) .
(b) j3>lackstone Intrusion is 1000 m.y.-old (biotite age determination 6, 
table 10-2) .
However, the granophyres have been dated at 1100 m.y. by the Rb-Sr total rock 
method (section 11.2.2); the age is indisputable. Consequently, the 
granophyres cannot be part of a supposedly 1000 m.y.-old intrusion as shown 
also by the geochemical arguments of chapter 13. In addition, the biotite 
ages must be interpreted as in chapter 10 and do not give emplacement ages.
If taken literally numerous geological contradictions result; for example 
the Michael Hills Intrusion, with an 800 m.y. biotite age, is cut by type A 
dykes which have a minimum age of 950 m.y. (biotite 19 in table 10-2 and 
section 2.3.2(b)(4). Finally, the granophyres in fact intrude the Blackstone 
Intrusion (p.177).
Basically, any disagreement about the relationships of these rocks 
rests on the nature of the Mummawarrawarra Gabbro. While its probable 
position is noted briefly in the thesis (p . 17,168,213-4), doubts will remain 
until this interesting body is studied in detail.




